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1. Abstract 

 AC conductivity was studied to characterize the behavior of 

Ge20BixSe80-x composition and to decide the best composition for building 

higher efficiency solar cell. Correlated barrier hopping mechanism of 

conduction is dominant. The solar cell prepared from p-type; Ge20Bi5Se75 

and n-type Ge20Bi15Se65 has been studied. Chalcogenides of such device was 

prepared by melt quenching technique. Carrier – Type Reversal (CTR) 

phenomenon was elucidated  to have fascinating effect on optoelectronic 

energy conversion efficiency. The energy conversion efficiency was found 

to be around 9%. Characterizing solar cell by current-voltage curve, open 

circuit voltage Voc, short circuit current Isc and Fill Factor. A recent 

applicable characteristics of this junction is its ability to act as a memristor . 

GSJ: Volume 9, Issue 4, April 2021 
ISSN 2320-9186 824

GSJ© 2021 
www.globalscientificjournal.com

http://www.globalscientificjournal.com/


2 
 

Ge20BixSe80-x , X = 0.5 and 0.15 % is a harvesting device for distinguished 

applications as a solar cell and as a memristor.  

Key Words: 

Solar Cell- Memristor- smart multipurpose device- Carrier Type Reversal- 

Chalcogenide Thin Films. 

1. Introduction: 

 Germanium chalcogenide glassy alloys have excellent role in 

both;  electronic and optoelectronic applications. The structural model 

describing Ge-Se glasses is based upon the Ge atoms with coordination 

four and selenium atoms via coordination two (1).Amorphous chalcogenide 

glasses prepared by melt-quenching generally behave as p-type conduction 

as evidenced by thermoelectric power measurements (2). The phenomenon of 

carrier - type reversal was achieved by Bi or Pb addition into Ge-based 

chalcogenide glasses with a certain atomic percentage (3). CTR has been 

attributed(4) to the pinning of the Fermi level towards the conduction band 

due to the upset of the equilibrium between negatively D- and positively D+ 

charged defect states.(5) 

              A study of the electrical and optical properties of amorphous Ge20 

M75 Bi5( M=S, Se or Te) was investigated. The Fermi level was  shifted 

from the mid gap due to the unbalance in C- and C+ charged centers. 

Incorporation of 5 at% Bi seems to have no drastic effect on the electronic 

structure as the Fermi level is still pinned at midpoint(6),(7) The electrical 

resistivity of Ge20BixSe80-x glasses with (x= 0 to 25)were measured. The 

electrical activation energy of the films was determined by investigating 
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the temperature dependence of, resistivity. A large decrease in the 

electric activation energy was observed as Bi content was increased up to 

10 at %. The optical and electrical data explained that the addition of Bi 

produces localized states near the edge of conduction band. Increasing 

the Bi content decreases the activation energy. So, the expected 

transport properties is due to electrons hopping caused by excitation 

into localized states at the conduction band edge. The melt quenched 

chalcogenide glasses are p-type semiconductors and unlike crystalline 

semiconductors it is difficult to change the type of conductivity by doping. 

According to the charged dangling bond model (8-11), the insensitivity of 

these chalcogenide glasses to impurities is ascribed to the presence 

of negatively charged dangling bonds, which pin the Fermi energy 

level(12).The incorporation of Bi into Ge-Se glasses brings a reverse 

conduction type from p- to-n. AC-conductivity of Ge20BixSe80-x thin film 

samples has been measured as a function of frequency and 

temperature.  The most suitable theoretical model that can describe the 

mechanism of conduction was the correlated barrier hopping one(13). 

2.  Experimental technique 

 Bulk samples of Ge20BixSe80-x(x=5,15) were prepared by melt 

quenching technique. High purity (99.999%) elements with appropriate 

atomic percentage were sealed in silica ampoule in vacuum. The ampoule 

was kept in furnace for 24 hour at 1100 Co. Thin 'films of various 

compositions of Ge20BixSe80-xwere prepared by thermal evaporation 

technique. The lack of crystallinity of the samples was  confirmed by the 

absence of any sharp peak in the x-ray diffraction pattern. The 
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thickness and the surface morphology of the prepared thin films were 

measured by High Resolution field emission scanning electron 

Microscope (HRFESEM), Quanta 250., The electrical measurements was 

done by Keithley 6517A electrometer .  

 
4. Results and discussion: 

4.1  A.C. Conduction Measurements 

The experimental results of ac conductivity (σac) are usually expressed by 

the following relation: 

(σac) = σac(0) + σac (w)…………………………………………..4.1 

Where σac(0) is the de-conductivity of the sample and σac (w) is the 

frequency dependent component of the conductivity, which was typically 

expressed by the power law: 

σac (w) = Aσ ѡn describing the conduction carried on by hopping mechanism 

of charge carriers (l4). 

The suitable theoretical model that can describe the function σac (w) was the 

correlated barrier hopping (CBH) model (15). In this model the current 

carriers hop between sites over a coulombic barrier of height W of 

magnitude. 

W = wm-(
r

ene

0

2

πεε
)................................. (4.2) 

where Wm is the maximum barrier height for hopping, r is the separation 

between two hopping sites, e is the electronic charge, 𝜀𝜀: is the permittivity 

of the sample, and nel is the number of simultaneously hopped carriers 

between centers (nel = 1or 2) for a single or bipolaron transport, respectively 

(16).  
 

The ac conductivity of Ge2o Bix Se80-x (where x = 5 and 15) has been 

measured as a function of frequency and temperature and represented in Fig 

(4.1and 4.2). The experimental work reveals that σac increases with 

increasing temperature from 303K to 383K especially in the range from DC 

frequency to 2MHz . Effect of Bi on conductivity indicate that Bi= 5 at. % 

has the highest value of conductivity and σac decrease with increasing Bi 
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dopant; that increasing will affect the distribution of valence and conduction 

band. Since increasing (Bi) doping increases defect states in conduction 

band and facilitate the motion of electrons and hole so σac increases. The 

increase of applied frequency enhances the electronic jumps between the 

localized states consequently increasing ac conduction providing evidence 

for the existence of hopping type conduction mechanism (17). 

For calculating capacitance equation (4-3) could be applied (18) 

C = Co+
oCRw 22

1
 …………………………………(4.3) 

Where: w is the the angular. frequency. R is the resistance, Co is the 

frequency independent capacitance. Fig (4.3,4.4) represents the variation of 

capacitance with frequency at various temperatures. The figure shows that at 

high frequencies the 'capacitance for all temperature converges towards 

single value to demonstrate that the 

capacitance may become temperature independent. 

The drastic increase of capacitance in the high frequency range at the 

high temperatures is probably due to space charge polarization induced by 

increasing number of free charge carrier as a result of increasing 

temperature. The capacitance was increasing as increasing Bi dopant. 

When the frequency of alternating voltage increases the value of 𝜀𝜀 of a polar 

dielectric at first remains invariable but at certain critical frequency, and 

when polarization fails to settle itself completely 𝜀𝜀 begins to drop 

approaching at very high frequencies the values typical of nonpolar 

dielectrics. This is confirmed by the data in the Fig.(4.5,4.6) which represent 

the relation between ε’1 as function of frequency and temperature. 

The dielectric constant   

ε' = C/Co........................................(4.4) 

Relaxation time is given by 

𝜏𝜏d = ε
σ
 = ρ ε ………………………………(4.5) 

Where Where  is the electric conductivity, which is a measure of the 

concentration and the mobility of variable mobile carriers, and 𝜀𝜀 is the 

permittivity, which is a measure of the strength of the coulombic interaction 

inside the semiconductor (the dielectric medium). 
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Thus, the product ρ ε can be thought of as the RC (R is the resistance and C 

is the capacitance) time constant of the materials. Obviously, the larger the 

value of 𝜏𝜏d is, the longer the time required to attain equilibrium [19] 

The graph between 𝜏𝜏(relaxation time) as a function of frequency and 

temperature Fig (4.7,4.8) shows a decrease of 𝜏𝜏 with increasing frequency 

for all concentration The maximum value of 𝜏𝜏 was for sample Ge20 Bi5 Se75. 

The Loss Tangent (tan δ ):Many relaxation processes have· been 

considered by different authors and for each relaxation process one can 

suppose that the spectrum of relaxation time is rather wide and flat in 

amorphous materials.  

When a semiconductor is subjected to an ac voltage the current lags 

by 90°. However in a regular dielectric the lag is not 90° but (90° - θ) where 

θ is the phase angle then δ= (90°- θ), where δ is called the dielectric loss 

angle and this behavior leads to a power loss generally as heat. To minimize 

the energy dissipation from a given material, one must seek for the lowest 

value of δ.  

However, loss tangent (tan δ) is equal to: 

Tan δ = ε"
ε′

  ......................................................  4.6 

Where " is imaginary part of dielectric constant and  ' is the real part of 

dielectric costant. 

Fig(4.9,4.10) show a set of curves for dependence of tanδ on 

temperature and frequency for Ge20 Bix Se80-x with (x=5,and,15 at.%). An 

anomalous displacement of the maxima to higher frequency with increasing 

Bismuth content  

By comparing the relation between tan δ and frequency for two 

composition of Ge2oBixGe80x where x=5, and 15, it was clear that sample 

Ge20Bi15Se65 is better for application since it has the lowest loss tangent tan 

δ. 

A.C.conductivity measurements have been widely used to investigate the 

nature of defect centers in chalcogenide glasses since it is assumed that they 

are responsible for the type of conduction. Elliot(20)  proposed that CBH 

(correlated barrier hopping) model which is based on the concept of charged 

defect states D+, D- in chalcogenide glasses which is responsible for 

conduction. It is assumed that for most of the materials at low to 
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intermediate temperatures, only charged defect centers are present, i.e., the 

effective correlation energy Ueff is sufficiently large (Ueff >>KBT) such that 

all neutral D0  centers are converted to D+ and D- centers in this case if an 

alternating field is applied, the simultaneous motion of two electrons is the 

only possible form of electron· transfer between that preserves the identity 

of the defects. In the intermediate  temperature regime, the CBH mechanism 

involving bipolaron transport gives a satisfactory description of the 

experimental data in most of the amorphous alloys.(21) 

 

4.2. Chacogenide Device as a solar cell: 

The sketch of the cell is shown in Graph (1). The amorphous 

structure is the main reason for tailing and extending the band edges(22). In 

the amorphous structure, both weak and strained dangling bonds, and 

defect-impurity can give rise to the formation of states in the gap. The 

net effect is a distribution of states in the mobility gap(23). The 

performance of the solar cell depends on the cross- section capturing of 

both levels in the charged and the neutral states. A typical current-

voltage characteristic of a solar cell under illumination is shown in 

Graph(2). The following parameters define the performance of the cell; the 

open-circuit voltage (Voc)and, the short- circuit current (Isc) and Fill Factor 

(FF).The Fill Factor can be calculated from the following equation; 

 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐼𝐼𝑚𝑚𝑓𝑓𝑚𝑚  ×𝑉𝑉𝑚𝑚𝑓𝑓𝑚𝑚
𝑉𝑉𝑓𝑓𝑓𝑓 ×𝐼𝐼𝑠𝑠𝑓𝑓

                                                         (4.1) 

 

Where Vmaxand Imax are the values of the voltage and the current 

obtained under illumination when Isc=0 and Voc=0 respectively. 

 The Energy conversion efficiency of the cell(24) 

ɳ = 𝑝𝑝𝑓𝑓𝑝𝑝𝑝𝑝𝑓𝑓  𝑓𝑓𝑜𝑜𝑓𝑓𝑝𝑝𝑜𝑜𝑓𝑓
𝑝𝑝𝑓𝑓𝑝𝑝𝑝𝑝𝑓𝑓  𝐹𝐹𝑖𝑖𝑝𝑝𝑜𝑜𝑓𝑓

                                                              (4.2) 

Where:- 
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ɳ = v𝑓𝑓𝑓𝑓 ×𝐼𝐼𝑠𝑠𝑓𝑓×𝐹𝐹𝐹𝐹
𝐼𝐼×𝐴𝐴

                                                    (4.3) 

 

Where I is the intensity of the incident light in w/m2, A is the solar cell area.  

TheI-V that characterize Ge- Bi-Se, system, solar cell in the day light   can 

be illustrated in Graph(3). The parameters characteristics were listed in 

table[1]. 

Table [1]: Solar Cell Characteristics 

Voc Isc Vmax Imax Efficiency 

0.75 V 8.60x10-5A 0.35 V 4.10x10-5 A 9.2% 

 

The efficiency of the prepared solar cell calculated from equation (3)was 9.2 

% and this is a good result since the power injected to the cell was 1.5 

watt/m2which is a very low light power. The cell mentioned in this 

study needs more experimental treatments to improve  the efficiency. 

Pattern of solar cell surface was taken by Field Emission HR Scanning 

Electron Microscope is presented in Plate (1). It shows homogeneous 

structure with embedded particles among the film material. The 

thicknesses of samples under investigation were estimated by Scanning 

E.M which revealed as 190 nm for n-layer while; 226 nm for p- layer. 

Spectrum analyzer  used to analyze data from oscilloscope.  

4.2 Recording the (CTR) Phenomenon in the Alternative Current 
Range: 
 
 A very fascinating experiment was done to elucidate the 

(CRT) in the system (Ge20BixSe80-x) thin films shape from x=5% 
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to 15%. For determining the conduction type through the circuit 

which was reported in the experimental technique. Oscilloscope 

record, for Ge20 Bi5Se75 thin film fresh sample, shows a negative 

left horizontal part represents the output from the specimen “of 

the input negative half cycle of the sine wave from function 

generator” which indicates an n-type conduction with a vertical 

downward represents the output of the positive half cycle part, 

inputted by the function generator, which indicates a p-type 

conduction at frequency 75.5 Hz. 

 Oscilloscope record for wave function for sample Ge20 

Bi10Se70 represents a transition of majority carrier’s type from n-

type during forward half cycle to p-type during reverse half cycle 

at frequency 200 Hz as represented in Fig.(4-a,b,c). This 

phenomenon may be explained by Mott[25] concept of the 

disordered materials where the effect of an applied field from 

function generator on specimen is to modify the energy of a hop 

between the two states separated by a distance R by an amount 

eFRcos𝜃𝜃  while 𝜃𝜃  is the angle between the direction of vector 

�⃖�𝐹and�⃖�𝑅�and eis the electron charge 1.6 x 10-19 coulomb. 

The conductivity is given by [25]: 

 𝜎𝜎 = 𝜎𝜎𝑝𝑝 + 𝜎𝜎𝑖𝑖 = 𝑝𝑝(𝑝𝑝𝐹𝐹𝑅𝑅𝑓𝑓𝑓𝑓𝑠𝑠𝜃𝜃 /𝐾𝐾𝐾𝐾)                                     

(4.4) 
When𝜃𝜃  = 0o then cos 𝜃𝜃= 1 which implies a coincidence both 

direction of �⃖�𝐹and�⃖�𝑅� , in the reverse direction of charge carrier 

motion then 𝜃𝜃 = 180o so cos𝜃𝜃 = -1.  

This system Ge20 BixSe80-x of thin film has a very good 

application as a new generation of a cheap and higher forward 

current value for a new P-N Junction and other electronic chips 

utilizing such mechanism (CTR). 
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 Increasing Bi dopant to 15% at wt. the phenomenon of 

CTR disappeared due to increasing defect states in conduction 

band. 

4.3 - Chalcogenide device as a"memristor" 

 The current-voltage characteristic of typical threshold 

switch(17)is shown in Graph (3)as butterfly pattern which indicates a 

good ferroelectric characteristics of BiGeSe .Graph (3) represents an 

off state, and at point (a)threshold voltage, the current increases 

sharply to the value(b) in the forward bias. While; the investigated 

thin films show an off state at a point (d) and an on state(c), both in 

the reverse bias. This switching device has a stable structure and 

does not exhibit a reversible change between amorphous and 

crystalline state. Such switching is a field assisted transition which 

makes the amorphous semiconductor switches from a highly 

resistance values to a conductive state at threshold voltage (Vth). A 

positive threshold (+Vth) causes high to low resistance transition and 

(-Vth) negative threshold voltage causes low to high resistance 

transition(18,19). This system could be applied as a memristance 

according to equation(20):  

𝑀𝑀�𝑞𝑞(𝑓𝑓)� = 𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓 − �1 − 𝑀𝑀ʋ𝑅𝑅𝑓𝑓𝑖𝑖
𝐷𝐷2

𝑞𝑞(𝑓𝑓)�                           (4.5) 

Roffis the high resistance state, Ron represents the low resistance 

state, Mν:mobility of dopants, and D represents the film thickness. 

The switching behavior itself is clearly observed as a property of 

PRAM (Programmable Random Access Memory) mechanism as 
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revealed in Graph(3). Various models have been proposed, e.g.; 

those   based on trap-controlled, space-charge-limited current(21), 

defect states inside the band gap and electric-pulse-induced motion 

(22-25). However; the chalcogenides are promising and versatile as 

they exhibit more than one type of industrial application and a new 

generation of smart devices that plays a multi - functional uses. 

 Conclusion: 

A solar cell was prepared from p-type: Ge20Bi15Se75 and, n-

type:  Ge20 Bi15Se65. The efficiency of the cell studied in this 

research was found to be around 9% for most of the samples under 

weak illumination. The cell surface was homogenous as confirmed by 

HRSEM. The parameters of the solar cell are the values of Voc= 0.5v, Isc= 

8.6*10-5A while Vmax=0.35 volt and Imax= 4.1*10-5A. Another application 

was observed for such device which is switching. The device could be 

applied as a memoristor since there are two states the off state is (ad), 

whereas the on state can be the upper part of the curve (bc). 
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Graph [4.1]: The sketch of the cell. 

 

 

 

  

 

 

 

 

 

Plate [4.2] : Scanning Electron Microscope Of The Cell Surface. 

 

 

  

GSJ: Volume 9, Issue 4, April 2021 
ISSN 2320-9186 836

GSJ© 2021 
www.globalscientificjournal.com



14 
 

 

 
Fig. [4.1] 

Fig.[4.2] 
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Fig.[4.3] 

 

 

Fig.[4.4] 
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Fig.[4.5]  

 

Fig[4.6]  
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FIG.[4.9]  

 

Fig.[4.10]  

 
 

 

GSJ: Volume 9, Issue 4, April 2021 
ISSN 2320-9186 840

GSJ© 2021 
www.globalscientificjournal.com



18 
 

 

 

Graph (4.3): a typical relation between current and voltage of a 

solar cell as a characteristic for pn junction of GeBiSe a- thin 

film sample 
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Graph(4.4): memristor I-V curve "Butterfly in shape" 
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Figure 4.5.a : N-Type Material  

 

Figure 4.5.b : P-Type Material. 
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 Figure 4.5.C : This is a P / N Transition Taken Upon Investigating One  Of Layers That Can 
Form P/N Junction. 
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