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Physical Design and Characterization of Ge/InSe/Ga2S3 Hybrid Devices   

By 

 Olfat Abdulfatah Omareya 

Supervisor 

 Prof. Dr. Atef Fayez Qasrawi 

Abstract 

In this thesis, the design and characterization of metal-heterojunction-metal structure were 

studied as a pn 
 junction device. In the growth process, the 𝑛 −type InSe (200 nm) was 

deposited onto a 𝑝 −Ge film of 200 nm thickness. The Ge/InSe interface was used as 

substrate to evaporate the 𝑛 −Ga2S3 films of 200 nm thickness. The interface was 

structurally, optically and electrically characterized by means of scanning electron 

microscopy, energy dispersive X-ray analysis (EDX), X-ray diffraction, UV-visible 

spectrophotometry, impedance spectroscopy and current-voltage characteristics. The   X-ray 

diffraction patterns which were collected from the surface of the Ge/Ga2S3 and InSe/Ga2S3 

indicated a polycrystalline nature of the heterojunctions with the domination of diamond Ge 

structure in the Ge/Ga2S3 interface and the domination of the monoclinic α-Ga2S3 in the 

Ge/Ga2S3 interface. The EDX analysis proved the physical nature of formation of the layers 

with the correct stoichiometric composition. In addition, the optical transmittance and 

reflectance spectral analysis revealed wide band gap attenuation upon layers interfacing. The 

conduction and valence offsets calculations indicated values that are large enough to 

actualize quantum confinement of holes and electrons to illuminate direct carrier 

recombination and as a result enhances the light absorbance.  The dielectric performance of 
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the hybrid device was evaluated through the Drude-Lorentz modeling which reveals electron-

plasmon interactions through scattering times of femtosecond level leading to a drift mobility 

of 27.4 cm2/Vs. The maximum plasmon frequency for the three layers was in the range 1.8-

3.8 GHz. Moreover, the impedance spectral measurements in the range of 10-1800 MHz 

indicated negative capacitance effect associated with parallel and series resonance at ~180 

MHz. The return loss and reflection coefficient in that range behaved as a band stop filter 

with spectral width of 1400 MHz. Furthermore, the sandwiching of the hybrid device 

between two electrodes of aluminum revealed a back-to-back Schottky device that conducts 

current via Richardson-Schottky mechanism in which carriers have sufficient energy to 

overcome the barriers. The Ge/InSe/Ga2S3 device seems to be promising as a thin film 

transistor which can perform as plasmonic device and microwave resonator as well.     
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Chapter One 

Introduction and Literature Survey 

 
Germanium (Ge) is one of the most important materials in modern technology, especially in 

nanoscience researching. It is environmentally friendly semiconductor material, which can 

be a promising electrode for applications where rate capability, durability and high energy 

density are important, like energy storage devices for space applications [1]. Ge has a narrow 

energy band gap of 0.70 eV. Thus, Ge interface with wide energy band gap materials are 

reported to be promising for the microwave resonators applications. For example, Ge/boron 

nitride (BN) interface exhibited a microwave band stop filter properties [2]. In addition, the 

dispersive optical parameters indicate the applicability of the Ge thin films in terahertz 

sensing technology with a wide range of applications in medical and telecommunication 

fields [3]. 

On the other hand, indium selenide (InSe) which has novel characteristics reflect much 

attention for its photovoltaic and wave trap potential application. It is very attractive material 

that can be used to fabricate new types of optoelectronic devices and solid state batteries in 

the form of thin films [4]. Two-dimensional InSe crystal was claimed to have  properties 

which make it a promising candidate to produce the next-generation of ultrathin and flexible 

optoelectronic devices [5]. γ-In2Se3 is used like window layer (1.8 eV band gap) and β-In2Se3 

(1.55 eV) as absorber layer in solar cells [4].   

The electronic properties of the device and the deposition interface morphology of the 

metal/InSe indicated that the contact interface between the metals and InSe play main role in 

forming low resistance interfaces. This paves InSe applications in nano-electrical devices. It 

provides general guidelines and rules on the optimum design of low resistance contacts for 
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high performance field effect transistors FETs [6]. Moreover, the SnO2/p-InSe/Ag Schottky 

structure is reported to provide an excellent rectification ratio [7]. It is mentioned that 

Al/InSe/BN/Ag heterojunctions made the device exhibit switching properties and band stop 

filtering properties. These features indicated the ability to use these devices in 

communication systems [8].  

In addition to the Ge and InSe, gallium sulfide (Ga2S3) is a wide band gap semiconductor 

(3.42 eV) which finds applications in similar technologies. The nonlinear optical analysis on 

Ga2S3 nominates it as large second-harmonic generator suited terahertz application [9-12]. 

Ga2S3 is a III-VI defect semiconductor that exhibits monoclinic, hexagonal, and cubic crystal 

structures. Among these, the monoclinic phase is the most stable crystal structure of Ga2S3 

[10]. The values of dielectric parameters of Ga2S3 indicated that nominate the Ga2S3 thin 

films as effective candidates in thin film transistor and gas sensing technologies [13]. 

The Ge, InSe and Ga2S3 films obtained by a various number of deposition techniques, such 

as, sol-gel process, thermal evaporation under vacuum, sputtering, molecular beam epitaxy 

(MBE), and physical or chemical vapor deposition [14]. Some of techniques are excellent 

and common used in semiconductor technology like vacuum evaporation. Physics of thin 

film evaporation plays an essential role for designing systems of highly efficient micro-scale 

thermal management [15].  

In this thesis, we discuss the problem of designing a hybrid device, which behaves as p-n+ 

device. Particularly, the physical nature of design, the optical characteristics and dielectric 

performance, in addition to the electrical and impedance spectroscopy will be explored by 

means of x-ray, SEM, EDX, UV-VIS and impedance spectroscopy techniques. 
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The second chapter of this thesis will focus on some of the theoretical relations that are in 

needed for predicting the experimental results. In the following chapter (chapter 3), the 

experimental procedures that are used to handle the measurements, are reported and 

explained some of the schematic presentation of the measuring devices will be shown. 

In chapter 4, the revealed results are considered in details, some of the optical data is also 

subjected to computational analysis to obtain the operative range of the hybrid device. As a 

practical application in microwave technology the main parameters presented by the 

impedance match and reflection coefficient as well as the return loss will be discussed. The 

conclusions that are derived from these results will be shown in chapter 5. 
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Chapter Two 

Theoretical Background 

 

2.1: The x-ray diffraction  

The X-ray region usually considered to be the part of the electromagnetic spectrum lying in 

between 0.1-100 Å. The interatomic distances are normally of the order of a few angstrom, 

therefore the standard optical microscope measurements do not provide sufficient 

information on the crystal structure. However, X-rays with a few angstroms wavelengths can 

do. When a beam of monochromatic x-ray falls onto a material, constructive interference 

after scattering only appears when the path of the partial waves on the lattice planes n differ 

by one or more wavelengths. The maximum conditions for a beam diffracted by atomic 

planes (shown in figure 2.1) are given by the Bragg equation [16]: 

𝑛𝜆 = 2𝑑 sin 𝜃                                                                                                                              (2.1)      

Where n is an integer represents the order of reflection maximum, λ is the wavelength of the 

incoming x-rays, d is the interplanar spacing between successive atomic planes, and  is d and 

θ is the angle of incidence, that equals the angle of reflection. 
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Fig. 2.1: Bragg scattering on the lattice surface. 

Other structural parameters can be found using Scherrer equation, which was developed in 

1918, it relates the crystallites grain size to the broadening of a diffraction peak.  

𝛽 cos 𝜃 =  
𝐾𝜆

𝐷
+ 4𝜀 sin 𝜃                                                                                                          (2.2) 

Where D is the grain size of the crystallites, β is the full width at half maximum intensity of 

peaks in radians, K is a constant related to crystallite shape, taken as 0.94 [16]. This equation 

has limitation presented by the grain size value which indicate the validity of the equation 

below 200 nm only. 

 

2.2: Identification of dislocation density 

A dislocation is a defect or irregularity within a crystal structure. The existence of 

dislocations influences many of the properties of materials. The density of dislocation is the 

total length of dislocation lines per unit area calculated by using the following equation [17]: 

 

 

 

 

 

 

 
 

d 

https://en.wikipedia.org/wiki/Crystal_structure
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𝛿 =
15𝜀

𝑎𝐷
 (𝑙𝑖𝑛𝑒𝑠/𝑐𝑚2)                                                                                                               (2.3) 

Where ɛ is the strain, a is the lattice constant and D is the crystallite grain size. It is found 

from the equation (2.2), as the strain increases, the dislocation density increases, indicating 

a crystallite with small strength. 

 

2.3: Drude-Lorentz model  

Drude developed his model to describe the refraction complex index and dielectric constant 

of metals and their variations with the incident light frequency. The model treats the valence 

electrons as free particles. It is mostly suited for metals that have bound electrons which are 

treated as damped harmonically particles undergo to external electric field. The Drude model 

needed to be modified and adapted by adding the Lorentz model to be used for 

semiconductors if the free carrier density introduced through doping is sufficiently high to 

cause the semiconductor behaves similarly to the metal [18, 19]. The dielectric function 

described by the Drude-Lorentz model can used to obtain the dispersion relation [20]: 

𝜀(𝑤) = 1 − ∑
𝑤𝑝𝑒𝑖

2

(𝑤2 + 𝑖𝑤𝛾𝑖)

𝑁

𝑖

+ ∑
𝑤𝑝𝑒𝑖

2

(𝑤𝑒𝑖
2 − 𝑤2) + 𝑖𝑤𝛾𝑖

𝑁

𝑖

                                                 (2.4) 

Where i refer to the relative peak. 𝑤𝑝𝑒 = √4𝜋𝑛𝑒2 𝑚∗⁄  is the electron bounded plasma 

frequency. n and m* are the free electron density and the effective mass of free electrons, 

respectively. we being the reduced resonant frequency, and γ is the damping rate. 

This model enables taking advantage of semiconductors at optical frequencies and searching 

for a possibility of an optical plasmon existence in that range. 
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2.4: Optical properties in semiconductor  

When a beam of light with intensity Io strikes a sample of thickness d, it is reflected by R part 

of its original intensity. It also maintains (1-R) of its original intensity when entering the 

sample. After that, a portion of the beam that enters the material propagates through the 

sample has an absorbed intensity multiplied by a factor  (𝑒−𝛼𝑑), where α is the absorption 

coefficient.  

The absorption coefficient can be used to visualize the energy band gap of semiconductors 

in which the Tauc’s relation is employed [21, 22]: 

(ℎ𝜈)1 𝑝⁄ ∝ (𝐸 − 𝐸𝑔)                                                                                                                     (2.5) 

Where h is the photon energy and p takes values of 3, 2, 3/2, or 1/2, corresponding to indirect 

forbidden, indirect allowed, direct forbidden, and direct allowed transitions, respectively. 

Tauc plots (αE)1/p-E give the Eg  from the intercept on the E-axis in the linear region of the 

absorption onset with the baseline. 

 

2.5: LRC tank 

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

connected in series or in parallel.  
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2.5.1: The series LRC circuit  

In the series LRC circuit (figure 2.2), the current of each component being the same in 

amplitude, but the magnitude of the source voltage (VS) is made up of the three individual 

element voltages, VL, VR and VC. 

 

Fig. 2.2: The series LRC circuit 

The source voltage is given by: 

𝑉𝐿 = 𝐼𝜔𝐿, 𝑉𝑅 = 𝐼𝑅, 𝑉𝐶 = 𝐼
𝜔𝐶⁄                                                                                               (2.6) 

As a result, VS is found as the Phasor Sum of the three component voltages combined together 

vectorially by applying Kirchoff’s voltage law [23], getting: 

 𝑉𝑆 = 𝐼𝑅 + 𝐿
𝑑𝐼

𝑑𝑡
+

𝑄

𝐶
                                                                                                                    (2.7) 

Voltage triangle for a series LRC circuit gives that:  

𝑉𝑆 = √𝑉𝑅
2 + (𝑉𝐿 − 𝑉𝐶)2 = 𝐼√𝑅2 + (𝑋𝐿 − 𝑋𝐶)2 = 𝐼. 𝑍                                                    (2.8) 
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The amplitude of the source voltage is proportional to the amplitude of the current with 

proportionality constant called the impedance of the circuit. It is the total opposition to the 

flow of circuit current. The overall impedance depends on the resistance and the inductive 

and capacitive reactances of the circuit by the relation which can be represented by an 

impedance triangle as shown in figure 2.3 [24]. 

 

Fig. 2.3: The impedance triangle of series LRC circuit 

 If the inductive reactance (XL) is greater than the capacitive reactance (XC), then the total 

reactance of the circuit is inductive. However, the overall circuit reactance is capacitive if the 

capacitive reactance is greater than the inductive reactance. 

2.5.2: The parallel LRC circuit 

The source voltage is the same for all three components whereas the supply current IS will be 

the vector sum of the three individual branch currents IL, IR and IC. This circuit is shown in 

figure 2.4.  
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Fig. 2.4: The parallel LRC circuit 

The current through each branch is found using Kirchoff’s Current Law [23] again,  

𝐼𝑆 =
1

𝑅𝐶

𝑑𝑉

𝑑𝑡
+

𝑉

𝐿𝐶
+ 𝐶

𝑑2𝑉

𝑑𝑡2
                                                                                                      (2.9) 

By the current triangle we get 

𝐼𝑠 = √𝐼𝑅
2 + (𝐼𝐿 − 𝐼𝐶)2 = √(

𝑉

𝑅
)

2

+ (
𝑉

𝑋𝐿

−
𝑉

𝑋𝐶

)
2

=  
𝑉

𝑍
                                                     (2.10) 

Where 𝐼𝑅 =
𝑉

𝑅
, 𝐼𝐿 =

𝑉

𝑋𝐿
, 𝐼𝐶 =

𝑉

𝑋𝐶
 

The combination of XL, XC and R gives the circuit impedance Z by the relation: 

𝑍 =  
1

√(
1
𝑅

)
2

+ (
1

𝑋𝐿
−

1
𝑋𝐶

)
2

                                                                                                   (2.11) 

It is seen that series and parallel LRC circuits contain inductive reactance and capacitive 

reactance within the same circuit. When the frequency varies across circuits there must be a 
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point where a minimum impedance take place (Z=R). The frequency at which this condition 

is satisfied is called resonant frequency.  

2.5.3: Voltage standing wave ratio (VSWR) 

VSWR is a way to measure transmission line imperfections. It is the ratio of the highest 

voltage anywhere along the transmission line to the lowest one. In a typical system, an exact 

match occurs between the source’s impedance (Zo) and the load’s impedance (ZL). However, 

mismatched impedances in real systems cause some of the power to be reflected back toward 

the source, leading to constructive and destructive interference, thereby peaks and valleys in 

the voltage occur at various times and distances along the line [25]. 

VSWR is related to the magnitude of the voltage reflection coefficient (ǀΓǀ=𝜌) by: 

𝑉𝑆𝑊𝑅 =
1 + |Γ|

1 − |Γ|
                                                                                                                    (2. 12) 

The reflection coefficient is calculated from the impedance of the transmission (Zo) line and 

the impedance of the load (ZL) as follows in equation (2.13). The smallest reflection 

coefficient, the better matches. The reflection coefficient is a complex quantity, has 

magnitude ρ and angle ϴ. It takes values from −1 for shorts and +1 for open loads, for loads 

< Z0   it stays negative, positive for loads > Z0 and zero for perfect matches [26]: 

Γ =
(𝑍𝐿−𝑍𝑜) 

(𝑍𝐿+𝑍𝑜) 
                                                                                                                                (2.13)  
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The return loss is the loss of power in the signal returned by a discontinuity in a transmission 

line, so the higher the absolute value of the return loss (i.e.: > |20| dB) imply the better match. 

The return loss (expressed in dB) makes use of ρ to be [25]: 

𝐿𝑟 = −20 log(|𝛤|)                                                                                                                  (2.14)  

Note that in a matched load 𝜌=0 and return loss is ∞; in a mismatched load 𝜌=1 return loss 

is 0 dB. 

 

2.6: Current conduction mechanisms in solids 

The current transport in Schottky barriers is mainly due to majority carriers in contrast to pn 

junctions where minority carriers are responsible. The majority carrier current in Schottky 

barriers can be listed as follow: 

2.6.1: Diffusion and drift currents 

The diffusion current is caused by diffusion of charge carriers, it is proportional to the charge 

concentration gradient.  

The drift current results from the motion of charge carriers by applying external electric field, 

it is proportional to the inversion charge concentration. 

2.6.2: Thermionic emission mechanism 

The thermionic emission theory is the majority carrier current and is associated with a 

potential barrier ϕ0. The barrier height is much larger than kT. The current-voltage 

characteristics according to the thermionic emission theory are given by [27]: 

https://en.wikipedia.org/wiki/Power_(physics)
https://en.wikipedia.org/wiki/Signalling_(telecommunication)
https://en.wikipedia.org/wiki/Transmission_line
https://en.wikipedia.org/wiki/Transmission_line
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𝐼 = 𝐴𝐴∗∗𝑇2𝑉𝛾𝑒𝑥𝑝 (
𝑞𝜙

𝑘𝑇
)                                                                                                       (2.15) 

Where k and T are Boltzmann’s constant and the device temperature, respectively. Here ϕ is 

the field-dependent activation energy that indicates a Schottky-barrier height in the presence 

of the electric field, A is the device area, A** is Richardson constant, γ= 0.  

In other words, the current transport in Richardson mechanism is limited by thermally 

emitted carriers from trapped centers under a strong electric field. The trap must be positively 

charged when empty and neutral when it traps an electron. Also, the potential height (ϕ0) is 

given by equation (2.16) [28, 29]. 

𝜙 = 𝜙0 − 𝑛 (
𝑞ƞ

4𝜋𝜀𝑜𝜀𝑟
)

1 2⁄ 1

√𝑤
√𝑉                                                                                                        (2.16) 

Here q is the electronic charge. ϕ is the field-dependent activation energy that indicates a 

Schottky-barrier height in the presence of the electric field, Φ0 is the no-electric-field value 

of barrier height which has been created at the p/n interface for the lattice mismatch, εr is 

optical dielectric constant of the material and w the effective width of the interface depletion 

region. When Schottky-type emission is dominant n =ƞ =1[30].  

2.6.3: Tunneling current mechanism 

For more heavily doped semiconductors and/or for operation at low temperature, the carriers 

tunnel through a potential barrier if the barrier is sufficiently thin, induced by a large field 

[31]. The tunneling phenomenon is a majority carrier effect. Tunneling occurs either as field 

emission or thermionic field emission. 
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The Poole-Frenkel (PF) mechanism usually arises from the electric-field-assisted thermal 

excitation of charge carriers which originate from traps (charged and neutral) into the energy 

band of semiconductor. This internal emission transfers charges from potential traps at 

impurity levels to the conduction band. In PF effect, a net flow of electrons is caused by the 

reason of that electrons first neutralizing the trap will jump to the next trap. The current-

voltage behavior and the barrier height are also given by equations (2.15) and (2.16), 

respectively. Where n= 2, ƞ= 1, γ= 1, and the value of Φ0 is being replaced by E0, where E0 

is the trapping center energy in the dominance of PF emission [30].  
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Chapter Three 

Experimental Details 
 

3.1 Substrate cleaning 

The glass substrates were rinsed using alcohol in order to remove dust and contaminants from 

the surface, followed by ultrasonic resonator in distilled water at 60 °C for 20 min. Then, the 

substrates were immersed in alcohol prior to deposition.  

 

3.2 Thin film preparation 

In this thesis, physical evaporation technique is used for the formation of the heterojunction 

structure. Germanium thin films were prepared at a vacuum pressure of 10-5 mbar. Ge powder 

was weighed (0.25 g) and placed in a tungsten boat (item 1 in figure 3.1) which is fixed inside 

the device. The glass substrates were located on the metal plate 20 cm above the source (item 

2). There is a movable physical shutter control (item 3) above the evaporation source between 

it and the substrates used to avoid the random evaporation and to ensure uniform conditions 

throughout the whole duration of the deposition process. When the shutter is open, the 

substrates and the quartz crystal monitor are subjected to the deposition. When closed, the 

substrates are shielded from the deposition. The grown films thicknesses were about 200 nm. 

The thicknesses of the films were measured during evaporation by a crystal oscillator 

thickness monitors (item 4) that rely on the damping of an oscillating quartz crystal 

microbalance (QCM) through inertial loading to measure frequency shifts. QCM is used as 

the sensor. A thickness monitor measures how much material deposited on its sensor. The 
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sensor and the sample generally cannot be exactly in the same direction and position from 

the deposition source [32, 33]. 

.  

 

Fig. 3.1: The 600 VCM evaporation system. 

 

During the evaporation process, one third of some Ge samples were covered by TEFLON 

stripe, the rest portion of  samples were ready to execute the second run in evaporation system 



17 
 

for InSe deposition at the top of Ge layer and glass substrate. In this evaporation cycle, InSe 

was also deposited onto cleaned glass substrate. The thickness of the InSe was also 200 nm. 

In the third evaporation cycle, the half of the portion of the InSe surface was masked with 

TEFLON stripe to evaporate another 200 nm Ga2S3 at the top of Ge, InSe, and Ge/InSe films. 

The geometrical design of the samples are shown in the figure 3.2. 

 

 

 

 

Fig. 3.2: The geometrical design of (a) Ge/InSe/Ga2S3, (b) Ge/Ga2S3, and (c) InSe/Ga2S3 

heterojunctions. 

 

 

For the electrical characterizations, the fabrication of Ge/InSe/Ga2S3 heterojunction requires 

the metal substrate instead of glass. Aluminum allows an electrical contact to the 

semiconductor the application of electrical fields. After getting Al/ Ge/InSe/Ga2S3 films, the 

Al and Au contacts were deposited onto the film surface to form ohmic/rectifying contacts 

using appropriate masks. The conductive carbon point contacts were deposited on the surface 

of the films.  

 

3.3 Thin film analysis 

The thin film analysis which are the sources of the scientific facts in this thesis are presented 

by means of structural, optical, electrical, and dielectric analysis in the fourth coming 

sections. 
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3.3.1 The "hot-probe" technique 

The "hot-probe" technique which is shown in figure 3.3 was used in this work to distinguish 

between n-type and p-type Ge, InSe, and Ga2S3 semiconductors using a heater and a standard 

digital multi-meter (DMM). The hot iron is connected to the positive terminal of the 

multimeter while the cold one is connected to the negative terminal. A negative voltage was 

reading on the meter when the probes were applied to the Ge sample, indicating the p-type 

material. While InSe and Ga2S3 films yield positive voltages, indicating the n-type materials. 

An easy explanation for the hot probe results is that the carriers (electrons in an n-type, 

holes in a p-type) move within the semiconductor from the hot probe to the cold probe. The 

heat from the probe creates an increase in the number of higher energy carriers which then 

diffuse away from the contact point.  

 

Fig. 3.3: Experimental set-up of the "hot-probe" experiment. 

 

3.3.2 The x-ray diffraction (XRD) measurements 

The Rigaku diffractometer equipped with Kα radiation of a copper anode of average 

wavelength 1.5405 Å at 40 KV and 15 mA were used to examine the lattice structure of 

https://en.wikipedia.org/wiki/Electrons
https://en.wikipedia.org/wiki/Electron_hole
https://en.wikipedia.org/wiki/Electron_hole
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Ge/Ga2S3 and InSe/Ga2S3 interfaces. The 2θ step size was 0.1° and the scan rate was 

5.0°/min. The system consists of a monochromator, a slit set, a detector and a sample holder. 

Figure 3.4 shows the schematic of an XRD system. Slits are used in order to adjust the size 

and shape of the x-ray beam. The sample moves by 2 and the detector is counted the 

intensity through an angle 2. The sample is mounted onto the XRD holder using clay. 

 

Fig. 3.4: Schematic of x- ray diffraction. 

 

 

The data were collected in the 2θ range of 10-70°. The obtained XRD data were analyzed 

using TREOR-92 software package available in our lab.  

3.3.3 Scanning Electron Microscopy (SEM) measurements 

The scanning electron microscopy (SEM) with a Joel JSM 7600F instrument at King 

Abdulaziz University in Jaddah, is exploited to characterize the surface morphology of 
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deposited thin films. SEM technique involves a focused beam of electrons in order to scan 

the surface of the samples based on the principle that secondary electrons will be produced 

by inelastic collisions of energetic primary electrons, which are then ejected from a sample 

since they are attracted to a grid under low potential and then accelerated by a higher potential 

toward the detector. The field emission gun creates the primary electrons with energy range 

from few keV to 50 keV. While the secondary electrons have energies lower than that of the 

primary electrons by a factor of thousand. Thus, the electrons are emitted from a region that 

is a few angstroms from the surface of the sample. The emitted electrons signals are used to 

plot an x-y positioning in a form of matrix. Samples to be imaged, the beam is focused by a 

magnetic lens and then raster-scanned on a surface [34].  

In particular, the SEM images with 30000 and 60000 enlargements were recorded for our 

samples.  

3.3.4 Energy-dispersive X-ray spectroscopy (EDX) 

The atomic content of the films was recorded by use of an energy-dispersive x-ray analyzer 

attached to the SEM system. 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 system consists of x-

ray generator e,g: semiconductor, solid-state detector, electronics and software. When the x-

ray photon impinged the semiconductor, the electrons is knocked out from the semiconductor 

and produce a small current. The energy of the original x-ray can be calculated by measuring 

the current. Then, revealing a spectrum of the number of x-rays detected at each energy. From 

the spectrum, the weight of each element can be determined. 
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In our work, regions of 6 X 6 mm2 were scanned and the ratios of In, Se, Ga and S atoms 

were determined. 

3.3.5 Optical measurements 

The optical transmittance and reflectance were measured in the incident light wavelength 

range of 300–1100 nm by means of a thermo- scientific Evolution 300 spectrophotometer 

that is equipped with VeeMax II spectrophotometer (figure 3.5). The reflectometer allows 

measurements at normal incidence (15°) and at variable angles in the range of 30-80° in 0.1° 

step. 

   

Fig. 3.5: The UV-VIS spectrophotometer. 

 

The system includes an extended wavelength range from the UV to the near-IR silicon 

photodiode detectors. The data are collected and manipulated by means of the VISION 

software. The transmittance and reflectance measurements are employed to determine the 

optical band gap, materials absorbability, interband transitions and dielectric dispersion. The 

T% and R% measurements were carried out in the incident wavelength range of 300- 1100 

nm. 

 



22 
 

3.3.6 Impedance Measurements 

The ac signal was provided by Agilent 4291B RF Signal Generator impedance analyzer (10 

MHz-1.8 GHz) spectrometer which is shown in figure 3.6. The device determines the total 

impedance (Z) that is composed of resistive and reactive parts. The reactive part is obtained 

through the measurement of the capacitance (C) and inductance (L). Since the capacitive part 

behaves as if a series and a parallel resistance are connected in the circuit, they are also 

measured. 

 

 

Fig. 3.6: Setup for impedance measurements including Agilent 4291B RF Signal Generator 

impedance analyzer. 

 

 

The signal power was recorded with the help of MATLAB software. Remarkable 

characterization by measurements of output curves was performed with this device. 
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3.3.7 Current-Voltage Measurements 

The current voltage (I-V) characteristics were registered between two Aluminum contacts as 

reference contact using computerized a Keithley 6485 picoammeter and a Keithley 230 

voltage source in the dark. The Model 6485 Picoammeter has high sensitivity to measure 

currents less than 100 nA. Even at higher currents, this device makes accurate current 

measurements. It is also combined with functions like voltage, resistance, and charge 

measurement. The data were transferred using Keithley high-quality low-noise coaxial cables 

to reduce external effects. The I-V characteristic technique allows determining the 

relationship between the current flowing through an electronic device and the applied voltage 

across its terminals.  

All the measurements were carried at room temperature in natural room atmosphere and the 

devices were not isolated from the environment. 
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Chapter Four 

Results and Discussion 
 

4.1 Structural Analysis 

The InSe/Ga2S3 and Ge/Ga2S3 interfaces are subjected to compositional, morphological and 

structural analysis using EDX, SEM and X-ray diffraction techniques. EDX analysis on 

different regions of the InSe/Ga2S3 and Ge/Ga2S3 interfaces is shown in figure 4.1(a)-(c). In 

each EDX spectrum the Si, C, O, and K peaks are related to the glass substrate. The first 

region of energy dispersion X-ray analysis was taken over a 40.0 μm scale of enlargement 

on the Au substrate and InSe/Ga2S3 interfacing region. Figure 4.1(a) reveals an atomic 

content of 100% Au, 53% In, and 47% Se corresponding to a chemical formula of InSe. In 

various scanned points which are located at the middle of the sample, the atomic content of 

Ga and S was observed to be 41% and 59%, respectively,  corresponding to correct formula 

of Ga2S3 in addition to the InSe phase as shown in figure 4.1(b). 

The junction region between the Ge and the Ga2S3 is shown in figure 4.1(c) with 4.0 μm scale 

of enlargement, this region is found to be composed of 40% Ga and 60 % S indicates the 

chemical formula of Ga2S3. 

The EDX results of atomic percentages has a main role for determining which type of 

conduction the films exhibit (n-type or p-type). In the case of Ga2S3, the excess S in the 

composition causes n-type conduction. The “hot probe” technique is used to determine the 

conduction type for our films as explained in section 3.3.1. 
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Fig. 4.1: The EDX spectra and images for (a) Ge, (b) InSe/Ga2S3 and (c) Ge/Ga2S3 films. 

 

(a)

(b)

(c)



26 
 

The SEM images which appear in figure 4.2(a)-(c) show that the Ge, InSe/Ga2S3, and 

Ge/Ga2S3 films are polycrystalline with distribution of grains forming semi-spherical shaped 

sheets. The Ge image displays in figure 4.2(a) which represented the 60,000 magnification 

of 6.0 scanned area of the film indicates that the large grains with an average size (D) of ~280 

nm.  

The InSe/Ga2S3 image displays distributed grains of average size of 175 nm as shown in 

figure 4.2(b). On the other hand, some grains in Ge/Ga2S3 image in figure 4.2(c) have average 

size of 50 nm. 

Fig. 4.2: The SEM images for (a) Ge, (b) InSe/Ga2S3 and (c) Ge/Ga2S3 films. 

 

The results of the X-ray diffraction (XRD) that are presented in figure 4.3 were recorded for 

the Ge/Ga2S3 and InSe/Ga2S3 bilayers. The X-ray peaks were analyzed with the 

crystallographic ‘TREOR 92’ software, which allows the choice of the calculation method. 

It indexes the reflection lines with an expected cell and allows structural parameter 

expectations. As it is illustrated in the figure for Ge/Ga2S3 interface, a maximum peak that is 

best oriented in the (220) direction can be related to cubic Ge which exhibits lattice constant 

(a) (c) (b) 
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5.65 Å [35]. In addition, the patterns also indicated another two main peaks that were found 

to be related to the cubic structure of Ge with preferable orientation in the (111) and (311), 

respectively. Minor peaks that appeared at 2𝜃 = 66.1° and 73.1° are also assigned to the cubic 

Ge with (400) and (331) orientations, respectively. The XRD patterns of cubic Ge fit well 

with literature data [36]. 

Most of the other minor peaks are also assigned to monoclinic structured α-Ga2S3, which is 

a wurtzite based structure. The corresponding lattice constants of this phase are a= 11.094Å, 

b= 9.578Å, c= 6.395Å, and γ= 141.15° [37], α-phase has a crystal system characterized by 

three unequal axes at right angles. The α-term refers to the difference in the regular recurring 

state of the atoms. It is worth mentioning that the peak which appeared at 2𝜃 = 27.5° may 

refer to (-312) α-Ga2S3 structure as reported in [12, 38]. A minor peak that appeared at 2𝜃 = 

.600° was also assigned to the cubic structured Ga2S3 with lattice constant a= 5.17 Å [12]. 

On the other hand, According to the XRD results of GeS [39, 40], there is a possibility of 

chemical reaction that forms GeS at the Ge/Ga2S3 interface. This appears at angle of 2𝜃= 

43.2° and 73.1°. The Miller indices of the recoded patterns are shown in the figure. 
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Fig. 4.3: The x-ray diffraction patterns for Ge/Ga2S3 and InSe/Ga2S3 films. 

 

The XRD patterns of the Ga2S3 samples when they were deposited onto InSe instead of Ge 

are also represented in the same figure. All the α-Ga2S3 reflection peaks that appeared in 

Ge/Ga2S3 spectrum at 2𝜃= 39.7° and 43.2° with intensities 515 and 548, respectively, 

reappeared in InSe/Ga2S3 spectrum at 2𝜃= 38.4° and 44.5° with intensities 1038 and 544, 

respectively. The peak that appeared at 60.0° in Ge/Ga2S3 has disappeared in InSe/Ga2S3 

spectrum.  The shift in position of the peaks are also easily observed by comparing the 

Ge/Ga2S3 and InSe/Ga2S3 spectra. In addition, a minor peak appeared in the InSe/Ga2S3 

spectrum at 2𝜃= 64.8°, which is related to γ-In2Se3 (317) orientation. 
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In order to understand the structural variations associated with the deposition of Ga2S3 onto 

Ge and InSe layers, detailed analysis of grain size (D) and strain (ε) was actualized using the 

combined expression for size broadening (Scherrer equation), which is presented in the first 

term of equation (2.2), and for the strain broadening expressions (Stokes and Wilson 

expression), through the second term of the equation (2.2) [41]. The values illustrated in table 

4.1. 
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Table 4 .1 : The structural parameter s of InSe/Ga 2S3and Ge/Ga 2S 3  inter faces.  

Spectrum 3S2Ge/Ga 3S2InSe/ Ga 

Peaks Peaks of Ge 3S2Peaks of Ga 3Se2Peaks of In 3S2Peaks of Ga 

2 27.5 45.4 53.8 66.3 73.1 39.7 43.2 60.0 64.8 38.4 44.7 

Intensity (a.u.) 2546 2698 1199 306 356 515 548 253 298 1038 528 

b(rad) 0.0122 0.0122 0.0139 0.0122 0.0174 0.0104 0.0069 0.0139 0.0192 0.0174 0.0209 

sin 0.4615 0.7117 0.8067 0.9154 0.9566 0.6372 0.6843 0.86576 0.9046 0.6218 0.7031 

cos 0.8871 0.7024 0.5909 0.4025 0.2913 0.7707 0.7292 0.50046 0.4263 0.7840 0.7110 

(hkl) (111) (220) (311) (400) (331) (-314) (-204) (311) (317) (-314) (-204) 
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The calculated D values are 85.7 Å and 321.7 Å for Ge/Ga2S3 and InSe/Ga2S3, respectively. 

The calculated strain values are 3.20x 10-3 and 3.67x 10-3 for Ge/Ga2S3 and InSe/Ga2S3, 

respectively. The strain value for Ge/Ga2S3 films has the negative sign (from the slope of 

inset 1(a)), indicating a compressive strain type in the structure [42]. It means that for a cubic 

unit cell of lattice parameter of 5.65 Å, the unit cell is compressed by 1.82%. The value of 

the compressing strain indicates that, the defects 𝛿 =  15𝜀 𝑎𝐷⁄ = 9.80 × 1011 𝑙𝑖𝑛𝑒𝑠/𝑐𝑚2 

in the Ge/Ga2S3 interface may also be ascribed to the defects that originate from germanium 

surface.  

The lattice mismatches between Ge and Ga2S3 are calculated using lattice parameters and 

epitaxial relationship [31]. 

∆% =  
𝑎𝑒 − 𝑎𝑠

𝑎𝑒

× 100%                                                                                                           (4.1) 

Where as is the lattice constant of the substrate and ae is the lattice constant of the epitaxial 

layer. The lattice mismatches between a, b, c axes of monoclinic Ga2S3 and cubic Ge are 

49.1%, 41.0%, 11.6%, respectively. The Ga2S3 and Ge cubic structures are closely lattice 

matched to each other (9.28%). In addition, the lattice mismatch between a-axis of hexagonal 

In2S3 and a-axis of monoclinic Ga2S3 was calculated to be 64%. 

 

4.2 Optical Analysis 

The spectral data of transmittance (T) for the Ge (200 nm thick), Ge/InSe (400 nm thick) and 

Ge/InSe/Ga2S3 (600 nm) films in the incident wavelength (λ) range of 300–1100 nm (270–
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1000 THz) are presented in figure 4.4. As read from the figure, the transmittance of Ge thin 

films which are grown onto glass substrates slightly increased with increasing incident light 

wavelengths. The transmittance spectra for Ge/InSe and Ge/InSe/Ga2S3 are increasing in a 

wide range of light spectrum and the highest transition of 34 % and 59 % at λ of 670 and 880 

nm, respectively. The T% values remain constant for all λ values greater than 880 nm.  

When the glass substrate was replaced by transparent metal (Indium) substrate, the 

transmittance of In/Ge/InSe/Ga2S3 is approximately equal in value to that of three layer 

heterojunction for all λ ˂  700 nm indicating that the indium is transparent enough to keep the 

original transmittance unaltered. For λ > 700 nm, T becomes invariant with wavelength and 

exhibit maximum T% of 50%. The decrease of T% by existence of In may be assigned to low 

transparency of indium near the IR region [43]. 
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Fig. 4.4: The transmittance spectra for Ge, Ge/InSe, Ge/InSe/Ga2S3, and In/Ge/InSe/Ga2S3 

interfaces, respectively in the range of 300-1100 nm. 

 

On the other hand, the reflectance (R) spectrum of Ge layer slowly increases with increasing 

light wavelength. The spectrum of Ge/InSe deceases with increasing the light wavelength for 

all λ ˂ 580 nm. Above this value of λ, R starts to increase and crosses the R spectrum of Ge 

at 940 nm. Moreover, the R-λ spectrum for Ge/InSe/Ga2S3 exhibits some interference patterns 

with maximum R% value at λ= 364 and 600 nm. It also showed a minimum reflectance value 

of 3.0% at λ= 800 nm. It is also readable that in contrast to the behavior of the transmittance 

spectra, the R% values of the Ge/InSe/Ga2S3 interface become much less than that of Ge/InSe 

above 670 nm.  
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However, if the three layers deposited on In substrate are considered, the first interference 

pattern disappeared and the amplitude of the second lowers by nearly 15%, the minimum 

reflection shifted toward visible light region as shown in figure 4.5.  

 

Fig. 4.5: The reflectance spectra of Ge, Ge/InSe, Ge/InSe/Ga2S3, and In/Ge/InSe/Ga2S3 

heterojunctions, respectively in the range of 300-1100 nm. 

 

Extinction of the transmission and reflection of a material improves absorbance (A). Such 

properties are obtained by design of an appropriate structure in order to achieve high 

absorbance at a particular frequency. The optical absorbance was found from the measured 

R and T by the equation A%=100%–T%–R% [44]. The absorbance curves in figure 4.6 
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reflected a complementary picture for the light dynamics on the films surfaces. For all films 

the absorbance never reaches zero value suggesting the existence of interband transitions. 

The interband processes relate to transition of electrons and holes from band to band through 

the energy band gap [43]. 

These transitions may be ascribed to the existence of the defects that introduces alternative 

energy levels between the intrinsic bands and, thus, subsequently reduces the band gap [45]. 

This process is ascribed to the electric field caused by the externally added charge (the free 

moving charges) and the internally induced charge (the bound charges), the electron–phonon 

interactions and the scattering of electron at interfaces [43]. 

As the figure also illustrates, the absorbance spectra for the Ge monolayer and the Ge/InSe 

bilayers indicated an improvement in the absorbing ability of Ge as a result of the InSe 

window covering in the IR region. The absorbance of Ge films which are grown onto glass 

substrates decreases as the wavelength increases and has an absorption shoulder at about 700 

nm which isn’t shifted when adding InSe. The data indicated a significant increase in A% 

when the interface is designed. The Ge/InSe bilayer films show three regions of variations; 

it starts with constant absorbance level up to 500 nm. It then sharply decays in the incident 

light wavelength range of 500–700 nm.  The curves move slowly decreasing for λ > 700 nm. 

However, by deposition of Ga2S3 layer, the shoulder has low shift toward UV region. In 

addition, one may observe the remarkable increase in the absorbability of the Ge/InSe/Ga2S3 

upon replacement of glass with In film, the shoulder disappeared and the absorbance is 

approximately linearly decaying. 
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Similar enhancement in the amount of absorption had been obtained by growth of TiOx on 

the PCDTBT co-polymer substrates that is reported to increase the absorbance of the 

heterojunction and increase the internal quantum efficiency of the device up to 100% [46].  

 

 
Fig. 4.6: The optical absorbance being recorded in the incident photon energy range of 1.1–

4.2 eV for the Ge, Ge/InSe, Ge/InSe/Ga2S3 thin films. 

 

To optimize more informative knowledge about the optical properties of the Ge/InSe/Ga2S3 

system, the energy band splittings between the conduction and valence band of the glass/Ge, 

Ge/InSe and Ge/InSe/Ga2S3 films are investigated. For this purpose, the absorption 

coefficients (α) for the films under studying were determined from the relationship (α = A/d, 

d: thickness) [47]. The absorption coefficient (α) is a key parameter to design an 
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optoelectronic device. In the case of solar cells, by decreasing the reflection of incident light, 

increasing the optical intensity and optical path of the material, the effective absorption can 

be increased [48]. 

The relation between the absorption coefficient (α) and the incident photon energy (E) is 

represented in figure 4.7. It is found that the absorption coefficient has the same behavior 

like that of the absorbance; however, the absorption coefficient provides information about 

light penetration depth into the layers. It is clearly observed that the sharp increase in the 

absorption coefficient of Ge layer with increasing energy above 1.5 eV is followed by smooth 

variation in the remaining region of absorption.  In contrast to this behavior, for the double 

and triple layers heterojunction, the variation of absorption coefficient with incident photon 

energy terminates for all light spectrum above 2.2 eV. Such behavior can be assigned to the 

higher thickness of the films when the Ga2S3 was deposited at the top of Ge/InSe films. In 

addition to the large lattice mismatch between the optical layers as mentioned through the x-

ray analysis. Indium metal makes the same behavior of three layers heterojunction that lack 

In substrate with little sift in absorption edge. 
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Fig. 4.7: The absorption coefficient (α) as a function of photon energy in the range of 1.0 to 

4.0 eV. 

 

The calculated absorption coefficient (α) spectrum is used to obtain the changes in the energy 

band gap of the Ge as a result of interfacing.  The optimization of the energy band gap is 

based on the usual fitting procedure of determining the value of the band gap in which the 

Tauc’s relation (2.5) is employed [21]. To apply this relation for the samples under study, 

(αE)1/2, (αE)2, (αE)1/3 and (αE)2/3-E dependence has been plotted in figure 4.8(a)-(d) and 

evaluated for indirect allowed, direct allowed, indirect forbidden and direct forbidden 

electronic transitions, respectively. If an appropriate value of p is used to obtain a linear plot, 

the intercept on the E-axis should give the value of the energy band gap (Eg).  It is found to 

be best fit that linearly include the widest range of data for an exponent values of p = 1/2 and 
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2. Thus, as appears in figure 4.8, the dominant energy band gap in the Ge based 

heterojunction relate to the indirect and direct allowed transitions. From the respective E-axis 

crossing of the plots. The fitting procedures in these plots are carried out by using a special 

high-convergence minimization technique which makes use of regression and residual sums 

of (R2) coefficient of determination and residual mean squares statistical analysis. All the fits 

were restricted to give a residual sum of R2 equals or greater than 0.025. In accordance with 

this statistical approach, the p= 1/3 and p= 2/3 values should be excluded. The (αE)1/2 and 

(αE)2 -E variation covers the widest range of data as shown in figure 4.8(a)-(b).  
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Fig. 4.8: The (αE)1/p – E variation for Ge, Ge/InSe, Ge/InSe/Ga2S3 and Ge/InSe/Ga2S3 films 

for (a) p=1/2, (b) p= 2, (c) p= 3, and (d) p= 3/2. 
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The straight solid line which crosses the energy E-axis reveals an indirect allowed energy 

gap of the Ge samples is 0.80 eV, which is close to the value being for Ge 0.73 eV [49]. The 

direct energy band gap value shifted to 1.77 eV when the Ge was covered by InSe.  The 

energy band gap of the Ge/InSe thin film increases from 1.77 eV to 2.00 eV (Eg1) and to 2.50 

eV (Eg2), when joined to a Ga2S3 layer. The energy band gap differences between that of 

Ge/InSe and those of Ge/InSe/Ga2S3 interface are ΔEg1 = 0.23 eV and ΔEg2 = 0.73 eV, 

respectively. Since the electron affinity (qχ) of InSe is 4.55 eV [50, 51] and that of Ge is 4.13 

eV [31], then the conduction band offset ∆𝐸𝐶 =  (𝑞𝜒𝐼𝑛𝑆𝑒 − 𝑞𝜒𝐺𝑒) = 0.42 𝑒𝑉. This leads to 

a respective valence band offset of ∆𝐸𝑉 =  (𝐸𝑔 − ∆𝐸𝐶) = 1.35 𝑒𝑉. The reason for the 

valence band discontinuity is the interface charge dipole and electron–hole recombination at 

the depletion layer boundaries [52]. This value of ΔEV (valence band shift) is attractive for 

design of Schottky barrier optoelectronic devices. It is also applicable in devices that require 

strong carrier confinement such as thin film transistors since sufficiently large valence band 

offset between the active layer and the dielectric in order to avoid high leakage current [53]. 

The difference between the theoretical data in literature [4, 37] and the currently reported 

data is assigned to some factors like low crystal symmetry, large lattice mismatches and plane 

orientation dependencies. On the experimental side, such conditions could cause a stronger 

confinement of the charge carriers at the interfaces. The excitons effect is become more 

apparent by this confinement [54, 55]. The presented valance band offset values for the 

Ge/InSe/Ga2S3 interfacing which is equal 1.25 eV are promising as they guarantee the 

success of this interface to use in optoelectronic devices and thin film transistors [56, 57]. 

When the heterojunction is made on indium the energy band gap decreased to 1.57 eV due 
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to the band bending mechanism caused by the probable Schottky barrier formation at In/Ge 

side. The Schottky barrier forms because the work function of indium being (4.12 eV) is less 

than that of p-Ge (5.02 eV) [2, 31, 58], the energy band gap shift (ΔEg) at the interface being 

0.23 eV is sufficient to design a point contact devices such as Schottky solar cells and narrow 

barrier resonant tunneling diodes [59]. 

This shift in energy gap upon materials interfacing is usually attributed to lattice mismatches 

and defects. The latter is assigned to impurities and incomplete bonds at the interface of the 

heterojunctions [3, 60], the lattice mismatch forces the valence electrons to exist in two 

different spaces that leads to the shift in Eg, In addition, the dipole layer at the interface could 

play significant role. The dipole layer appears as a result of the tunneling of electron from 

the conduction band of one material into the Eg of the other material [61, 62]. 

 

Table 4.2: Energy band gap value for the heterojunctions 

 Ge Ge/InSe Ge/InSe/Ga2S3 In/Ge/InSe/Ga2S3 

Eg (eV) 0.80 1.77 2.00/ 2.50 1.57 

 

To extend the applications possibilities of this structure we now turn the attention to the 

dielectric properties of the Ge interface construction. Figure 4.9 and figure 4.10 shows the 

dielectric spectra of the Ge, Ge/InSe, Ge/InSe/Ga2S3 and In/Ge/InSe/Ga2S3 interfaces 

determined from the reflectance data which were displayed in figure 4.5. The effective 

dielectric constant (eff) is determined from the equation [21]:   

𝑅 =  
(√𝜀𝑒𝑓𝑓−1)

2
+𝑘2

(√𝜀𝑒𝑓𝑓+1)
2

+𝑘2
                                                                                                                     (4.2)                                                    
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In order to visualize detailed information about optical signal quality and dispersion, the real 

(ɛr) part is: 𝜀𝑟 = 𝜀𝑒𝑓𝑓 − 𝑘2 [63] and imaginary (ɛim) part is: 𝜀𝑖𝑚 = 2√𝜀𝑒𝑓𝑓𝑘 [64], and the 

components of the effective dielectric constant, 𝜀𝑒𝑓𝑓 =  𝜀𝑟 + 𝑖𝜀𝑖𝑚  are also determined. Both 

are related to the extinction coefficient (k), with 𝑘 = 𝑎𝜆
4𝜋⁄ . The decrease or increase in k 

value affects the regions where the reflection increases or decreases.   

The respective spectra of real and imaginary parts of the dielectric constants are shown in 

fig. 4.9 and figure 4.10, respectively. The interface exhibit very interesting dielectric spectra. 

Namely, the real part of the dielectric constant of monolayer slightly decreases with 

increasing incident light frequency (F). The peak which appeared at 425 THz (2.8 eV) can 

ascribed to well oriented dipoles that increases the dielectric constant; It coincides with the 

excitonic indirect energy band gap of Ge films that results from the transitions between Γ7 

and Γ8 points in the 1st Birllouin zone [37]. For the bilayer, the real dielectric constant sharply 

decreases reaching a minima at 510 THz. The r of bilayer follows a linear equation presented 

by 𝜀𝑟 =  −0.1494𝐹 + 73.028. This indicates a good dipole polarization associated with high 

dielectric constant value in the IR region of light. It then increases with increasing frequency 

till reaches 800 THz, where it tends to be constant with increasing frequency. The dielectric 

constant of Ge/InSe/Ga2S3 samples continuously decreased with increasing frequency. The 

increase in the dielectric constant up to 495 THz which is followed by a decreasing with 

minimum peak at 655 THz. Where it tends to re-increase with increasing frequency reaching 

a maxima at 828 THz and then returning to decrease. When Ge/InSe/Ga2S3 was deposited on 

indium substrate, the real dielectric constant is higher than that of the interface without In 
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substrate in 300-383 THz. The existence of indium layer supplies more surface electrons that 

couple with Ge holes or ion cores resulting in higher values of r. 

Fig. 4.9: The real dielectric constant for Ge, Ge/InSe, Ge/InSe/Ga2S3, and In/Ge/InSe/Ga2S3 

interfaces in the range of 300-1000 THz. 

 

On the other hand, the imaginary part of dielectric spectra which appears in Fig. 4.10 

illustrated that for Ge films, values are relatively low compared to εr, im increases with 

increasing frequency and reach maximum value at 443 THz. 
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Fig. 4.10: The imaginary dielectric constant for Ge, Ge/InSe, Ge/InSe/Ga2S3, and 

In/Ge/InSe/Ga2S3 interfaces in the range of 300-1000 THz. 

 

The variation of the imaginary part of the dielectric constant was modeled in accordance with 

the Drude-Lorentz model which connects the imaginary part of dielectric constant with 

incident light frequency through the modified relation [64]:  

𝜀𝑖𝑚 =  ∑
𝑤𝑝𝑒𝑖

2𝑤

((𝑤𝑒𝑖
2 − 𝑤2)2 + 𝑤𝑖

2𝜏𝑖
−2)

𝐾

𝑖=1

                                                                                                 (4.3) 

Where k is number of observed peaks. In our work, k= 4. τ is the electrons scattering time. 

The experimental data was reproduced again by substituting the reduced effective mass m∗ 

= ((me(Ge))−1 + (me(InSe))−1 +(me(Ga2S3))−1)−1 for the Ge/InSe/Ga2S3, m* = 0.280, 0.095, 
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0.077, and 0.0713m0 for Ge, Ge/InSe, Ge/InSe/Ga2S3 , and In/Ge/InSe/Ga2S3, respectively. 

Where mh(Ge) = 0.28m0 [65], me(InSe) = 0.143m0 [66], me(Ga2S3) = 0.4m0 and me(In) = 

1.04m0 [13]. In addition, the values of τi, we, n, and  are estimated with the help of equation 

(4.3). is the frequency dependent drift mobility, = e/m*. The results are tabulated in 

Table 4.3. The obtained complete solution illustrated by the black-colored line in figure 4.10. 

The fitting procedure indicates  pronounced typical coupled oscillator set that are subjected 

to resistive forces that lead to damping rate of γ = τ-1 . The collision of photoexcited carriers 

with impurities, phonons and other carriers are sources of the damping [64]. 

The tabulated data indicates that, the resulting reduced resonant frequency (we) which takes 

into account the effects of the interband transitions (local fields) on the dielectric function is 

continuously increasing with increasing incident light frequency and increasing the layers of 

heterojunction. Moreover, the electron bounded plasma frequency (wpe) which is depending 

on the number of free electrons (n), exhibits the same behavior i.e increases with increasing 

frequency. The number of free electrons increases in each film causing an increase in the 

value of wpe. It is observed that, the number of free electrons in Ge films is higher than that 

of bilayer. The more free electrons in Ge is assigned to the narrower energy band gap of Ge 

which make electrons transfer more energy. Further increase in the thickness by deposition 

of Ga2S3, gives the smaller (n).  As a result the drift mobility falls. This fall is associated with 

remarkable increase in the electron bounded plasma frequency and is also ascribed to the 

increase in the damping rate γ. Moreover, in the presence of indium substrate, the relaxation 

time is lower than that of Ge/InSe/Ga2S3, meaning the increase in damping and electronic 

friction for the device. The decrease in the density of free carriers may cause by the fact that 
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when the p-type Ge layer deposited onto In substrate, the number of majority carrier 

decreases. We should consider that the 200 nm of Ge is large compared to 50 nm In and has 

high roughness that leads to short circuit    



48 
 

 

 Table 4.3: The fitting parameters of Drude model for the Ge based heterojunctions.  

 Ge Ge/InSe Ge/InSe/ Ga2S3 In/Ge/InSe/ Ga2S3 

( ) 0.80   0.63   0.35   0.32  0.83   0.79   0.70   0.65 1.20   0.60   0.50   0.37 0.85   0.60   0.34   0.32 

wei( x1015Hz) 2.35   3.10   4.30   6.00  2.00   2.50   4.05   5.00 0.90   3.30   5.00   6.50 2.00   3.30   4.80   6.50 

n (x 1017 cm-3)   88.0   130    400    490  11.0   18.0   29.0   40.0 7.00   21.0   25.5   32.0 5.50   9.50   22.5   33.0 

( ) 5.02   3.97   2.20   2.01  15.4   14.6   12.9   12.0 27.4   13.7   11.4   8.45 21.0   14.8   8.38   7.89 

wpei (GHz) 3.33   4.05   7.10   7.86  2.02   2.59   3.28   3.85 1.79   3.10   3.42   3.83 1.65   2.17   3.34   4.04 
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4.3 Impedance Spectroscopy 

The impedance spectroscopy which is regarded as a powerful tool to explore the ac signal 

processing mechanism through samples is employed in the spectral range to 10-1800 MHz. 

When the ac signal is applied to the device, the capacitance (C) of the device which is shown 

in figure 4.11 displayed a resonance (series) and antiresonance (parallel) behavior.  As it is 

easily readable from the figure, which presented the capacitance for Al/Ge/InSe/Ga2S3/ (Au, 

C, and Al) contacts (pnn interface), the series frequency (fs) appears at 163 and 172 MHz and 

the parallel resonance (fp) appears at 173 and 181 MHz for devices contacted with C and Al, 

respectively. The antiresonant frequency for Al/pnn/Au is 19 MHz while the series resonance 

frequency is beyond the region of measurement for devices of Au contact. The capacitance 

values are negative for the last mentioned contact in the spectral range less than 200 MHz. 

In general, the negative capacitance is caused by injection of minority carriers (tunneling) at 

forward bias. This property is used to the cancellation of positive capacitance in altering the 

signal properties of resonant electronic circuits especially in time-based sensor interfaces to 

control the oscillation with enhanced tuning and to increase the tuning range of voltage-

controlled oscillators (VCOs) with minimal phase noise or power impact [62, 67-69].  

The capacitance values of the Al/pnn/Au contain external resonance peaks which exhibit 

maxima at 1332, 1369 and 1409 MHz and aniresonance at 1343, 1389 and 1442 MHz. 

Maximum capacitance value is 1.2 nF (inset 2(a)). The value is of less importance compared 

with the main peaks that appear at 163 MHz and 172 MHz with amplification of 8.54 nF and 

8.26 nF, respectively. Further increase in the applied frequency did not change the 

capacitance value.  
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The resonance peaks apparent in the C–f spectra could be explained by taking into account 

the number of electrical dipoles, which can orient with the external oscillating electric field 

in a shorter period of time increases with increasing ac signal frequency. As a result, the 

number of free charges available for conduction decreases and the dielectric constant 

increases. The increase in dielectric constant causes an increase in the electric flux density 

since it reflects the extent to which the material concentrates electrostatic lines of flux. This 

process keeps until the time needed for the dipole orientation is equal to the ac signal time, 

at which the maximum resonance peak appears. For larger frequency values (shorter ac signal 

times), the oriented dipole with the applied signal reduces and the dielectric constant 

decreases. This process continues until the dipole do not feel the changes of applied 

oscillating electric field, which means reaching a fixed dielectric constant and thus fixed 

capacitance [70].  
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Fig. 4.11: The results of the ac signal analysis for the capacitance of pnn heterojunction 

being recorded at zero bias voltage in the frequency range of 1.0MHz-1.8 GHz. 

 

The bandwidth of the resonance– antiresonance peaks of pnn heterojunction is presented by 

the frequency difference ∆𝑓 =  |𝑓𝑝 −  𝑓𝑠|, which is about 10 MHz. This value is important 

since it presents that the number of data transfer cycles could reach 10 million per second 

without any distortion. This nominate the devices for use as fast electronic switches that alter 

state in a period of time (1/Δf) ∼ 10-7 s and as microwave resonators attractive for 

communication technologies [69, 71].  
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The data shown in figure 4.12 (a)-(b) related to the measured values of resistance (R), 

inductive (XL =ωL) and capacitive (XC = ) reactance. The impedance which is the 

opposition to current flow in ac circuit, is made up of these three components [24]   𝑍 =

√𝑅2 + (𝑋𝐿 −  𝑋𝐶)2 consistently, one may observe from figure 4.12(a) and (b) that the 

resistance and impedance increase with increasing applied frequency. 

Moreover, it is worth mentioning that the spectra of both Z and R arranged in accordance to 

the work function of the metals (Au, C, and Al). The Z and R are higher for metals with 

higher work function. This is because the energy required for electrons to transmit is large. 

This facilitates the electronic transportation at the metal semiconductor interfaces so the 

resistance decreases [24]. 
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Fig. 4.12 (a) the impedance and (b) the resistance spectra for the device in the frequency 

range of 1.0 MHz-1.8 GHz. 

 

The data shown in figure 4.13 indicates the increasing of reactance with increasing frequency. 

It is observed that the Al/pnn/C and Al/pnn/Al spectra starts with negative reactance and then 

rises. The negative total reactance means the overall circuit is capacitive circuit. The 

resonance LC tank (demonstrated in inset 2(b) of figure 4.11) occurs at zero total reactance, 

when the inductive reactance of the inductor is equal in value to the capacitive reactance of 

the capacitance leading to a total reactance of zero. LC tanks nominate the device for use as 

wave oscillators [72]. A differential VCO is also designed for multi-standard RF transceivers 

[73].   
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Fig. 4.13: The reactance specta for the pnn device in the frequency range of 1.0 MHz-1.8 

GHz. 

 

In addition to the previous consideration, it is possible to explain zero reactance phenomena 

by considering that the device structure behaves as a parallel circuit ( shown in inset 2(b)) 

consisting of the static (shunt) capacitance C0 in parallel with the dynamic or motional branch 

which consists of the series combination of a resistance R1, an inductance L1, and a 

capacitance C1, which produces a parallel resonance circuit when the resultant current 

through the parallel combination is in phase with the supplied ac signal voltage. At zero 

reactance, there is a maximum circulating current between the inductor and the capacitor due 

to the energy of the oscillations, the motional arm’s reactance is zero and the parallel LC 
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circuit acts as an open circuit and the total impedance (Z) value at this point becomes a pure 

resistance (R) in the circuit. This behavior makes the values of Z and R equal.  

The ability of the device to transmit and/or reject ac signals can be concluded from the 

reflection coefficient,   𝜌 is small for good matches. The reflection coefficient is a complex 

quantity, has magnitude ρ and angle ϴ, and is determined by using equation (2.13).  

As it is well readable from fig. 4.14. Direct inverse relation between reflection coefficient 

and the work function of the metals. The Reflection spectra for the Al/pnn/(C, and Al) behave 

as low pass filter (LPF) that reject all waves of frequencies less than about 1000 MHz. The 

ideal wavetrap occurs at about 1400 GHz in the case of Al/pnn/Au and this indicates a good 

improved filtering properties. 
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Fig. 4.14: The reflection coefficient for the pnn heterojunction as a function of frequency in 

the range of 1.0 MHz-1.8 GHz. 

 

One of the most important features of the proposed LPF is acheived when a very good return 

loss and VSWR are obtained. Very interesting characteristics are observed for the device in 

figure 4.15 and figure 4.16.  

The return loss (equation (2.14)) is a measure of the power which is not absorbed by the 

device and is returned to the source. For the pnn devices, the reflection coefficient of 

Al/pnn/Au (figure 4.14) decreases from 0.85 to 0.025 at 1405 MHz, so the return loss is 

greater than 20 dB (about 32 dB), it reduces from 0.78, and 0.90 for Al/pnn/ (C and Al) to 

0.26, and 0.45, respectively. So the return loss is 11.7, and 7.0 dB, respectively. 
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Fig. 4.15: The return loss for the pnn heterojunction as a function of frequency in the range 

of 1.0 MHz-1.8 GHz. 

 

Figure 4.16 depicts the voltage standing wave ratio (VSWR). Which is defined as the ratio 

of the maximum voltage to the minimum voltage in a standing wave patterns, it is useful to 

respect the peak voltage that can be found on a line under non ideal match conditions. It is 

also a popular measure of the goodness of a match. The VSWR is calculated by using 

equation (2.12). 

The minimum VSWR we get, the better performance we obtain. VSWR of 1 characterized 

perfect match, while a short or open circuit is producing a VSWR of ∞. 
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As it is clearly seen from the figure, the shift of VSWR between the devices is due to the 

work function of metal contact in each pnn device, the lower work function obtained smaller 

VSWR and better match. The measured VSWR of the pnn/(Au, C and Al) candidates the pnn 

devices to use in microwave and millimeter-wave ultra-wideband (UWB) applications [74, 

75]. 

Fig.4.16: The voltage standing wave ratio spectrum with frequency.  
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4.4 Current- Voltage Characteristics 

When the germanium thin film was tested by the hot-probe technique, it displayed p-type 

conduction. The same technique revealed the n-type nature of conduction for both InSe and 

Ga2S3 films. Thus, the heterojunction (Ge/InSe/Ga2S3) represents a pn+ junction. The main 

difference between the isotype (p–p) and anisotype (p–n) heterojunction is that the current 

injection is due to majority and minority carriers in the isotype and anisotype devices 

respectively. The recorded current (I)–voltage (V) characteristics of the Al/n-Ga2S3 Schottky 

diode being built on the surface of a n-type InSe layer built on p-type Ge layer grown on 

vacuum deposited aluminum film are presented in figure 4.17. The data are registered at 

room temperature in the applied voltage range of 0 to ±1.6 V in 0.01 V steps. The positive 

terminal of the voltage source is connected to the Al/Ga2S3 side. The negative electrode is 

connected to the Al electrode. The aluminum is used to force the creation of a Schottky 

barrier at Ga2S3 side since the work function of Al (4.23 eV) [2] is larger than the n-type 

Ga2S3 (3.46 eV) [76, 77]. This Schottky barrier is n-type majority carrier device under 

forward biasing conditions. The Ge side of the device is also contacted to Al metal as it 

creates another Schottky device with p-type majority carriers, since the work function of Ge 

is 5.02 eV [78]. 

As figure 4.17 presents, there is a leakage current at the reverse direction. It is mainly ascribed 

to more than one reason like the thermal generation of minority carriers by the diffusion 

across the junction or internal field emission because of the tunneling of carriers through 

energy barriers as they find thin region during the forward biasing process [79]. In addition 

to the electron-hole pairs in the depletion region and this may be attributed to the image force 
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of carriers emitted from metal into the semiconductor [22, 31, 80]. Image force is established 

when image charges are build up in the metal electrode as the carriers approach the metal–

semiconductor interface. The effective barrier height is reduced by the potential associated 

with these charges. 

 

Fig. 4.17: the current voltage characteristics of Al/Ge/InSe/ Ga2S3/Al hybrid device.  

 

In order to give significance to the experimental reverse current behavior, the logarithmic 

current dependence on the square root of the applied voltage illustrates an electric field 

assisted tunneling current transport mechanism in which the current is governed by the 
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from the high concentration region (metal electrodes) to low-concentration region 

(semiconductor) over a potential barrier by electric field- assisted thermionic emission or 

simply by tunneling [82]. The current–voltage behavior is given by equation (2.15) [29] with 

A = 7.85 ×10−3 cm2 is the device area and the barrier height is given by equation (2.16). 

As one may easily observe from the figure 4.18. For the reverse biased operation, the 

dependence of the ln (IR) on  has linearly variation. The slope and intercept of the linear 

plot presented in figure 4.18, lead to the calculation of the device parameters and indicates 

the validity of the Richardson-Schottky conduction over the studied range of voltage. 

Fig. 4.18: The variation of ln (I) with  for the reverse bias. 
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temperature (T) as 300 K and using the intercept of the solid line which is plotted in figure 

4.18, the Richardson–Schottky zero electric field energy barrier height (ϕ0) to the charge flow 

is revealed as 0.84 eV. In addition, the slope of the same solid line allowed the calculation of 

the effective barrier width as w =0.756x10-5 cm/εr. The real part of the dielectric constant for 

the three layers was determined optically from the reflectivity measurements in the range of 

300-1100 nm. The width of the interface region w is turns out to be 61.5 nm. This value of 

the depletion region width is narrow enough and can be regarded as an important reason for 

preferring the tunneling mechanism for conduction.  

On the other hand, in the applied forward biasing range, the I–V analysis was handled 

assuming a thermionic emission of charge carriers over the barrier height, the ideality factor 

(ƞ) and the device barrier height (ϕb) was evaluated from the chart of ln (I) − V as shown in 

figure 4.19(a). The calculations revealed an ideality factor and barrier height of 6.6 and 0.78 

eV, respectively. The value of ƞ being 6.6 is much greater than unity. The deviation is 

generally ascribed to several reasons such as the bias dependence of the barrier height, 

additional thermally assisted carrier tunneling [83], electron– hole pair recombination 

through the depletion region [79], the induced defects, Schottky barrier in-homogeneities, 

image force lowering effects [31, 84] and device internal series resistance effect that cause 

particular voltage drop, the less the RS value is, the lower VS and the higher the injection 

current [79]. When the effect of IRS is less dominant, in high current injection region where 

Rs remains constant, the diode reflects typical Schottky barrier characteristics. 

Following the same method described in reference [31] that examines the device series 

resistance effects on the device ideality factor and barrier height and using the equations 

which follows. The derivatives of dVF/d (ln(IF)) had been evaluated and plotted as a function 
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of IF in figure 4.19(b). The slope and the intercept of the straight solid line indicated an 

ideality factor and series resistance of ∼3.79 and 9.76 MΩ, respectively. Consistently, the 

Cheung method [31], which is also based on thermionic emission theory and presented by 

the following equations to detect the series resistance effect through redefining the device 

current as [31].   

 

𝐼 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (
−𝑞𝜙𝑏

𝑘𝑇
) (𝑒𝑥𝑝 (

𝑞(𝑉 − 𝐼𝑅𝑠)

𝑛𝑘𝑇
) − 1)                                                                          (4.5) 

 

By evaluating the derivative of 
𝑑𝑉

𝑑(𝑙𝑛𝐼)
, one may obtain, 

𝑑𝑉

𝑑(𝑙𝑛𝐼)
=  𝐼𝑅𝑠 + 𝑛 (

𝑘𝑇

𝑞
)                                                                                                           (4.6) 

Leading to Cheung function [31, 85].  

𝐻(𝐼) =  𝑉 − 𝑛 (
𝑘𝑇

𝑞
) 𝑙𝑛 (

1

𝐴𝐴∗∗𝑇2
) = 𝐼𝑅𝑠 + 𝑛𝜙𝑏                                                                (4.7) 

Thus, in accordance with previous equation, the linear dependence of 
𝑑𝑉

𝑑(𝑙𝑛𝐼)
  on I displayed 

in figure 4.19(b). The slope and intercept of the solid line allowed computation of the series 

resistance and ideality factor as 9.76 MΩ and 3.79, respectively.  The values are imposed in 

equation (H) to determine H (I) which is shown in figure 4.19(c). Even though the ideality 

factor decreases from 6.6 to 3.79 by series resistance effect elimination, it still greater than 

unity. 

Here, the factor IRs represents the voltage drop across the series resistance of the Schottky 

diode. H (I) was evaluated and plotted as a function of I in figure 4.19(c). The plot should 
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give a straight line, its slope and will give a second determination of Rs as 9.80 MΩ. By 

having two values of Rs, this case is checking the consistency of Cheung's approach. The 

values of Rs obtained from figures 4.19(b) and 4.19(c) which are 9.76 MΩ and 9.80 MΩ 

respectively are in good agreement with each other. The average value of the series resistance 

is 9.78 MΩ. The y-axis intercept of the solid line shown in the figure 4.19(c) allowed 

determining the forward bias barrier height as 0.81 eV, which is also closed to the 0.78 eV 

value that was obtained without excluding the series resistance effect. 

Fig. 4.19: (a) Plots of ln (I) versus V, (b) dV/d(ln I) versus I, and (c) H(I) versus I for the 

pnn hybrid at forward biasing. 
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4.5 Band Diagram Construction 

The energy band diagram for Al/Ge/InSe/Ga2S3/Al hybrid device is designed with the help 

of optical and electrical data and displayed in the figure 4.20. As can be seen from the energy 

band diagram the pn+ device is modeled as two Schottky diodes; one is forward biased and 

the other is reversed biased. The electron affinity of Ge is 4.13 eV [31]. Since the work 

function of aluminum is 4.23 eV [2], and the indirect energy band gap of the Ge substrate is 

0.80 eV (determined from the absorption coefficient), the Ge work function is 5.02 eV, then 

the Schottky barrier height 𝜙𝐴𝑙 𝐺𝑒⁄ = 𝑞𝜒𝐺𝑒 + 𝐸𝑔𝐺𝑒
− 𝑞𝜙𝐴𝑙  is 0.70 eV and the built-in voltage 

of the Al/Ge interface, 𝑉𝑏𝑖 =  𝜒𝐺𝑒 + 𝐸𝑔𝐺𝑒
− (𝐸𝐹 − 𝐸𝑉) − 𝜙𝐴𝑙  is supposed to exhibit a value 

of 0.2 V. The barrier height at the Al/ Ga2S3 interface is 𝜙𝐵𝑛 = 𝑞𝜙𝐴𝑙 − 𝑞𝜙𝐺𝑎2𝑆3
= 0.93 eV.  

𝑉𝑏𝑖 = 𝜙𝐴𝑙 − 𝜙𝐺𝑎2𝑆3
 = 0.77 V.  

 The most reported energy band gaps for the n-type In2Se3 and n-type Ga2S3 are 1.80, 3.15 

eV, the electron affinities are 4.55 eV [51], 3.30 eV [86], the work functions are 4.69, 3.45 

eV, respectively. The conduction band discontinuity ∆𝐸𝐶1
=  𝑞𝜒𝐺𝑒 − 𝑞𝜒𝐼𝑛𝑆𝑒, is 0.42 eV. 

∆𝐸𝐶2
=  𝑞𝜒𝐼𝑛𝑆𝑒 −  𝑞𝜒𝐺𝑎2𝑆3

 is 1.25 eV and the valence band discontinuity can be calculated 

from the relation ∆𝐸𝑉1
=  𝐸𝑔𝐺𝑒

− 𝐸𝑔𝐼𝑛𝑆𝑒
− ∆𝐸𝐶1

 being found to be 0.58 eV.  ∆𝐸𝑉2
=  𝐸𝑔𝐼𝑛𝑆𝑒

−

𝐸𝑔𝐺𝑎2𝑆3
− ∆𝐸𝐶2

 is 0.10 eV. 

In the light of the constructed energy band diagram, the working principle of the 

heterojunction device can be described as follows; 

When the negative current is applied from the Al/Ge Schottky side (majority carriers device), 

it is reversed biased, the p-n junction is reverse biased and the electrons in the InSe layer are 

pulled away from the depletion region at the Ge/InSe interface. The holes, as a result, in Ge 



66 
 

layer will be pulled toward the Al metal, therefore, the depletion region widens. As a result, 

the electrons in the Ga2S3 will also be pulled away the n+ junction. Because electrons of InSe 

become closer to InSe/ Ga2S3 interface (n+ type) at that interface the depletion width also 

widens, this behavior causes an increase in the device series resistance, blocking the current 

through the diode (few μA). 

When a diode is connected in a reverse Bias condition, a negative voltage is applied to the p-

type material that attracts the holes away from the junction towards the negative electrode 

and a positive voltage is applied to the n-type material which attracts electrons towards the 

positive electrode and away from the junction. At Forward Bias condition, a positive voltage 

is applied to the p-type material and a negative voltage is provided to the n-type material and, 

if this external voltage becomes greater than the value of the potential barrier, approx. 0.3 

volts for Ge, the potential barriers opposition will be overcome and current becomes to flow. 
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Fig. 4.20: The band diagram of the Al/Ge/InSe/Ga2S3/Al hybrid. 
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Chapter Five 

Conclusions 

 

In this work, a 400 nm thick InSe/Ga2S3 interface was fabricated on 200 nm thick germanium 

substrate using the vacuum deposition technique. The structural analysis which were carried 

out by different techniques  have shown the physical nature of the films in which correct 

stoichiometry presented by Ga2S3 and InSe chemical formulas appeared from the 

compositional analysis.   In addition, the diamond structured Ge films allowed the growth of 

the hexagonal unit cells of InSe on its surface. Even though the structures of Ge and InSe are 

different and the Ga2S3 grow in amorphous phase onto glass substrates of temperatures of 

300 K, when grown onto InSe surface they exhibited monoclinic shaped unit cells which 

refer to 𝛼 − phase of Ga2S3. When these heterojunction devices were subjected to optical 

tests through the measurements of transmittance and absorbance a remarkable change in the 

energy band gaps that lead to a valence band offsets of ~ 1.35 eV was achieved at the interface 

between Ge and InSe. The value is large enough to produce thin film transistors as it allow 

quantum confinement of valence electrons and holes leading to larger absorbance values.    

On the other hand, when the optical data were employed to estimate the dielectric spectra of 

the hybrid device an interesting information was achieved. Particularly, the dielectric spectra 

modeling via Drude-Lorentz approach, revealed electron plasmon coupling with frequencies 

at gigahertz levels. The scattering time of electron oscillates at femtosecond levels leading to 

an improvement of the drift mobility of the electrons in the hybrid device. It is also seen that 

the Ge/InSe/Ga2S3  thin film devices are suitable for ac signal propagation. This observation 

was verified with the impedance spectroscopy which show the possibility of using these thin 
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film transistors for wave trapping and for application where parasitic cancelation of 

capacitance is necessary. The device actualize this cancellation through the negative 

capacitance character which exhibit in its natural performance.  In addition, the current-

voltage characteristics on the device through the Al electrodes which forces back to back 

Schottky structure allowed the investigation of the current conduction mechanism in the 

device. The thermionic emission of charged particles of the Schottky barrier height was 

observed to be the dominant mechanism. The calculated Schottky-Richardson parameters 

with the band offsets obtained from the optical analysis allowed the sketching of the energy 

band diagram of the hybrid device. In accordance with the energy band diagram and the 

observed optical, dielectric and electrical performance of the device with the resonance and 

antiresonance phenomena it can be concluded that with its thin structure and compact size, 

the Ge/InSe/Ga2S3 hybrid structure is a promising device that can be used in optoelectronics 

as well as microwave trapping, parasitic capacitance conciliator and memory clocks.       
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 المهجنة )3S2Ge/InSe/Ga(التصميم والتشخيص الفيزيائي لأجهزة 

 الملخص

pnفي هذه الأطروحة تم دراسة وتشخيص التركيبة المهجنة على هيئة  
ائق الجرمانيوم وانديوم والمصنعة من رق 

بقتي الجرمانيوم نانومتر لكل واحدة منها، وقد تم استخدام ط 200بسمك  )3S2Ge/InSe/Ga( اليوم سلفايدوغ سلنايد

10-كقاعدة لترسيب مادة الغاليوم سالفيد، وتم تحضير هذه الرقائق تحت ضغط هواء يعادل  )Ge/InSe( والانديوم سلنايد

ركيبة البلورية لطبقتي ملي بار. أثبتت الدراسات البنائية والضوئية وطيف الممانعة ومنحنيات الجهد والتيار بأن الت 5

 الغاليوم سلفايد/يدانرمانيوم، وأن تركيبة الانديوم سليسيطر عليها تركيبة الج )/3S2Ga Ge( الغاليوم سلفايد /الجرمانيوم

)3S2InSe/Ga( وقد أثبتت الدراسات الضوئية بأن تركيبة  .يسيطر عليها الشكل أحادي الميلان لمادة الغاليوم سالفيد

)3S2Ge/InSe/Ga(  التكافؤتحرف فراغات الطاقة بشكل جذري وملموس وقد تم حساب الإنفصالية في مستويات حزمة 

لثقوب في فضاءات التركيبة تصلح لفصل الالكترونات عن اهذه يظهر من هذه القيم أن ؛ ومستويات حزمة التوصيل

عند اجراء دراسة محوسبة  اد على الامتصاص الضوئي.مما يعيق عملية الاتحاد المباشر ويزيد من قدرة المو مختلفة؛

-هذه التركيبة مسيطر عليه من خلال التفاعلات الالكترونيةلتفسير التغيرات الظاهرة في طيف العازلية تبين أن سطح 

دي هذا التفاعل إلى زيادة ويؤ، GHz 3.8-1.8 لتردد البلازموني في النطاقاالبلازمونية التي تعيق حركة الأمواج تحت 

فولت.ث. وقد أظهرت دراسة طيف الممانعة وجود مواسعة /2سم 27.4ركة الالكترونات في المجال الكهربائي إلى سرعة ح

أن  MHz 1800-10وتبين من خلال حساب الانعكاس في مدى ، MHz 180عند تردد سالبة يصاحبها ظاهرة رنين 

قد تبين من خلال دراسة منحنيات الجهد والتيار كرويف. علاوة على ذلك، فالتركيبة المهجنة تصلح كمرشحات لأمواج ماي

متعاكسين ويسيطر على حركة  chottkySبين قطبين من الألمينيوم تشكيل صمامي  )3S2Ge/InSe/Ga(ة لتركيب

ويظهر من الدراسة بشكل عام . Schottky-Richardsonالالكترونات الانتقال بوساطة التأين الحراري المسمى بظاهرة 

 . ايكرويفقة بحيث تعمل كأجهزة بلازمونية ومرنان مترانزستورات الرقيالأن التركيبة المهجنة تبدو واعدة لاستخدامها في 

 
 


