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Abstract Article Info. 

Theoretically, the AlxGa1-xAs/GaAs superlattice is studied as a function of 

optical energy with and without bias. The transfer matrix approach has determined 

the transmission coefficient and resonant tunnelling current density. The number of 

barriers is estimated at N = 3, and the concentration ratio (the mole fraction value) 

x at 0.1, 0.2, and 0.3 is fixed. The number of cells in the well is established at (ncw) 

= 5, while the number of barrier cells (ncb) is changed from 1 to 5 for both biases. 

This study shows that the change in the number of barrier cells plays a crucial role 

in the tunnelling of charge carriers and the transmission probability of charge 

carriers through the depletion regions. Thus, changing the current density is based 

on the purpose to be applied. In addition, the values of current density at the reverse 

bias are higher than that in the forward bias, which is explained by the bias 

controlling the energy levels of the superlattice. It is worth noting that there are 

many practical applications in which this system can be used, including solar cells, 

detectors, and light-emitting diodes. 
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1. Introduction 
Knowledge of semiconductor material properties with a good understanding of 

operational physical phenomena in device structures can lead to the successful design of 

any device in the semiconductor world [1-4]. Multiple potential barriers being crossed 

by the electron wave in resonant tunnelling is considered an important phenomenon in 

quantum mechanics [5]. The tunnelling transmission mechanism used in many quantum 

semiconductor devices allows for picosecond switching speeds. Due to resonant 

tunnelling, negative differential resistance can appear in these devices. The design of 

self-closing integrated logic circuits may be compatible with this characterization. On 

this basis, quantum hardware technology is an emerging and promising alternative to 

high-performance large-scale integration design [6]. One may consider the origin of the 

negative differential resistance mechanism whose associated instability leads to Electric 

Field Formation (EFD) in the Multi-Quantum Well (MQW) region. Semiconductor 

heterostructures, particularly double heterostructures such as quantum dots (QDs), 

quantum wires (QWRs), and quantum wells (QWs), have become a trending research 

topic for most of the semiconductor physics community [7]. The studied heterostructure 

consists of n-type AlxGa1−xAs and almost intrinsic or lightly doped p-type GaAs. It is 

one of the III-V compounds that is required to be a semiconducting material with 

unequal bandgaps to some extent, especially at small scales where the electronic 
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properties depend on the spatial properties, especially those that depend on compounds 

[5]. The most prominent heterostructure of these compounds is GaAs/AlxGa1-xAs (or 

AlAs). Investigations into the physics and applications of semiconductor 

heterostructures have yielded tremendous advances since the initial theoretical 

proposals of Gubanov, Shockley and Cromer more than 50 years ago. The use of 

heterogeneous structures in the design and fabrication of semiconductor devices has led 

to significant improvements in performance that are achieved using current 

semiconductor device concepts [8] and led to the development of a wealth of new 

structures that could not have been achieved using simple homojunction technology. 

There are three important advantages of heterojunctions over homojunctions [9, 10]:      

1) The cladding layer, for example, AlGaAs, has a larger bandgap than GaAs, so it will 

confine charge carriers to the central region where recombination is likely; this is 

known as carrier confinement, 2) Optical confinement is the process of forming an 

active region with a high refractive index that will act as an optical guide with 

observable optical focus as the efficiency of the stimulated emission increases, 3) 

because the laser emission process is only weak in nearby regions, losses are 

minimized. These three factors lead to a significantly lower threshold current density 

(~10
3 

A.cm
-2

) than in the homojunction, enabling continuous wave operation at ambient 

temperature. Additionally, the AlGaAs/GaAs heterojunctions have band alignments that 

are staggered, which allows optical emission to be accomplished with photon energies 

significantly lower than the bandgap energies of both semiconductors constituting a 

heterojunction. 

Reducing the thickness of the central active region is an important extension of 

the double-heterogeneous structure [11]. When the width of the well (10 nm in most III-

V compounds) is less than a carrier’s de Broglie wavelength in the well material, the 

carrier is "quantum" confined [12]. Due to its practical importance, many theoretical 

studies have been concerned with this field. A computational model has exhaustively 

explored the effect of the tunnelling electric field on resonant tunnelling across 

multibarrier systems of GaAs/AlyGa1-yAs using the transfer-matrix method [13]. A 

simplistic method was used by Talhi et al. to assess the photocurrent produced by 

AlxGa1-xAs/GaAs solar cells [14]. Abolghasemi and Kohandani investigated the effects 

of strain on the electrical and optical characteristics of a p-i-n AlGaAs/InGaAs solar cell 

[15]. Panchadhyayee et al. presented an exhaustive study on tunnelling and electrical 

conduction in an electrically biased GaAs/AlyGa1−yAs generalised Fibonacci 

superlattice using transfer matrix formalism [16]. Vasilkova et al. studied the density of 

charge carrier distribution in AlGaAs/GaAs superlattices that were uniformly doped 

with layer thicknesses of 1.5/10 nm and different numbers of quantum wells [17]. 

In this work, resonant tunnelling through a one-dimensional multiple-barrier 

heterojunction superlattice structure of GaAs/AlGaAs was achieved. For this purpose, a 

theoretical model used the transfer matrix to compute the main parameters, such as the 

transmission coefficient and resonant tunnelling at forward and reverse biasing, which 

are very helpful in explaining the mechanism of the current density of the AlxGa1-x 

As/GaAs superlattice compared with different compositions. 

2. Theoretical Part 
2.1. GaAs/AlxGa1-xAs Superlattice Structure 

GaAs/AlxGa1-xAs superlattices are constructed by growing two compounds 

characterized by almost identical lattice constants. Esaki [18] reported that for the 

symmetry of a superlattice model to resemble the Kronig–Penny model, there are two 

crucial requirements: (i) for materials with differing compositions, the energy mismatch 

at the band boundaries determines the height of the barrier, and (ii) the masses of the 
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carriers must differ in the well and barrier regions, in agreement with the effective 

masses at the edges of the conduction and valence bands, respectively. It would be 

better to consider a model to understand the tunnelling of electrons through a 

multibarrier semiconductor heterojunction. Therefore, such a model has a superlattice 

structure containing an alternating semiconductor heterojunction of GaAs/AlxGa1-xAs. It 

should be noted that although these two materials' band structures are identical, their 

energy gaps differ. The GaAs have a small gap, and AlxGa1-xAs have a large energy 

gap. Due to the difference in the energy gaps, quantum barriers and quantum wells 

form, so GaAs forms the well, and AlxGa1-xAs forms the barrier. In this structure, the 

thickness of the barrier is (b), the thickness of the well is (a), and the superlattice period 

is (c) such that [c = a + b], as shown in Fig. 1. 

Figure 1:  The periodic potential of a superlattice [5]. 

 

If the system consists of N barriers, one will find (N-1) wells, and N is estimated 

at N=3. A superlattice is formed with a periodic array of alternating layers of 

GaAs/AlxGa1-xAs. The band gap difference between the two materials is considered to 

be equal to 88% of the barrier height (  ) [19]:  

       (       )                                                                                                                     

where                is the energy band gap in the well for (GaAs) and  

    [            ]                                                                                                              

    is the barrier's energy band gap for AlxGa1-xAs, as shown in Fig. 2. 

 

Figure 2: Band alignment of (GaAs/AlxGa1-xAs) in the direct-gap range. 

 

The barrier height increases with the concentration of Al(x), where (x) is the 

composition or the value of the mole fraction [20]. The energy band gap of AlxGa1-xAs 

becomes indirect if (x) is greater than 0.45. So, x was considered at 0.1, 0.2, and 0.3 in 
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the present work. The well material's lattice constant (GaAs) is aw=5.6533 Å [21], while 

the barrier material (AlxGa1-xAs) is given by  

ab=[5.717x+ 5.686(1-x)]Å [lattice constant of AlxGa1-xAs]                                           (3) 

It is well known that electrons behave dynamically as if their mass was the effect 

of the electron,   , instead of the mass of the electron, mo in a vacuum. This 

observation is very important because the electron    is much smaller than mo for many 

relevant semiconductors. For the junction of the GaAs/AlxGa1-xAs superlattice, the 

relationship between the Al content (x) and the effective masses is [22]   
          

and   
                  , where     describes how a particle responds to a 

driving force; here, in the presence of the lattice, it is similar to a real mass [23]. 

 
2.2. Transfer Matrix of AlxGa1-x As / GaAs Superlattice 

Energy levels in a quantum well structure can be determined by solving the 

Schrödinger equation for the wave function. The electron's potential energy V(z) 

according to the Ben Daniel-Duke equation of the description of the Schrödinger 

equation in one dimension with time independence is [13]: 

* 
  

 

 

  

 

  

 

  
     +                                                                                               

where     is the energy of the bottom of the n
th

 subbands,        is the barrier 

potential: 

      {                               
 

 
       

 

 
               

                                                                              

                                                 

Each region's wave function is calculated to solve an arbitrary structure's wave function 

[24]. The wave functions in the well region of the time-independent Schrödinger 

equation are expressed as follows: 

  
             

           
                                                                                              

where   
     

    ⁄            and  is the number of barriers. 

It is possible to provide the barrier's region's wave function as [25]: 

  
       { 

    
         

                           
                                                 

    
         

                              

                                                         

where,   
     

         ⁄    and   
     

          ⁄                 are wave 

vectors; note that      becomes purely imaginary when     . This case represents the 

situation inside the energy barrier, and the wave function becomes exponential without 

wave characteristics [26]. 

When employed at the n
th

 barrier with the n
th

 and n+1
th

 area, the effective mass-

dependent border provides requirements that preserve the probability [24, 26]: 

   
      |

   
 

 

   
      |
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where   
  and   

  are the effective masses in the well and barrier region, respectively. 

Through a series of surfaces and the space in between them, the matrix approach guides 

a ray. It can be determined that a 2×2 matrix multiplies the input values         to 

produce the output values          . Matrix expressions for transformations include the 

following [6]: 

[
  

  
]  [

      

      
] [

  

  
] 

where the matrix is noted by ℳ. 

For the transformation matrix [5]: 

ℳ  [
      

      
]  [

  
  

] 

The ray transfer matrix shows the effects of an optical component on the ray. This 

matrix representation provides several surfaces and spaces with ray matrices: M1; M2; 

M3; … MN is shown by a single matrix that is the product of both of them [11, 27]: 

ℳ            

The determinants follow the rule 

                             

2.3. Double-Quantum Well 

The first potential barrier's initial coefficient of the electron wave is related to [13, 

25]: 

  [
  

  
]    [

  

  
]                                                                                                                            

where    is a 2×2 matrix (transfer matrix), which is related to the wave amplitude for 

waves at the right of the barrier (       and the lift of the barrier        , and it can be 

obtained by applying the wave function equations in boundary condition Eqs. (8) and 

(9): 

   [
      

      
]                                                                                                                       
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Substituting (11) in (10) gives 

[
  

  
]  [

      

      
] [

  

  
]                                                                                                           

               

                                                                                                                                

             
  

             
  

   |
      

   
    

 |                                                                                                                        

Here, the asterisk indicates the complex conjugate, where the matrix elements are [13, 

25]: 

                
  
      

 

       
         

      

       (        
  
      

 

          
       )                                                                   

       
  
    

   

       
             

       
  
    

   

          
                                                                                                        

  
  

 

  
        and          

2.4. Multi-Quantum Well 

For multipotential barriers, the transfer matrix is related to the incident wave 

coefficient at the left of the MBS and the transmitted waves at the right of the MBS. 

Therefore, the left-hand wave's coefficient matrix of the n
th

 barrier [
     

     
] and the right 

[
     

     
] appears as: 

             
                                                                                                                                    

where   [ 
     
       

] and   =1, 2…    

This approach can find a relation between the two coefficients A and B in the 

outmost layers [28, 29]. 

[
     

     
]             [

  

  
]                                                                                     

The total barrier is [11, 13]: 
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Substituting      in Eq. (18) gives: 

[
     

     
]    [

  

  
]                                                                                                                     

 

3. Transmission Coefficient 
In a multibarrier system (MBS), the transmission coefficient can be defined as the 

relative probability that an incident electron may encounter multiple barriers. The 

transfer matrix method is used to derive the transmission coefficient [13]. Additionally, 

the transfer-matrix technique can be employed to determine a tunnel's inactive 

transmission coefficient (T) as a function of the energy incident upon it (ε) and the bias 

being used is (V) [30]: 

                                                                                                                                        

where the matrix        

   

[
 
 
 
 (        

  
      

 

       
       )            (

  
    

   

       
       )      

(
  
    

   

        
       )     (        

  
      

 

          
       )            

]
 
 
 
 

 

(21) 

where    is Hermitian and has a unit value for its determinant. 

            

where    is a matrix trace   [31]. 

    

{
  
 

  
   *               

  
      

 

      
               +     

  [       
  

  
     ]     

  *               
  
      

 

      
               +     

                             

The transmission coefficient (T), as a function of ( , V), can be obtained across 

N barriers as follows: 

        
|     |

 

|  | 
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Since the multibarrier system's right end contains no reflected electrons, one 

can set         [13, 32]. However, using this fact together with Eqs. (19) and (23), 

the transmission coefficient can be obtained as [13, 33]: 

        
 

|      | 
 

 

  |      | 
                                                                                

        can be obtained from 

                 

  
    

 

     
                                                                                                

|      |
  

{
 
 

 
 |      |

 |
     

    
|
 

     

|      |
        

|      |
 |

      

     
|
 

      

                                                                     

4. Current Density 
The current density through the structure of AlxGa1-x As/GaAs is calculated using 

the Tsu-Esaki current formula [34]: 

        
     

    
∫       

 

 

   {
 

(    )

     

 
(       )

     

}                                                             

where KB is Boltzmann’s constant which is used to avoid any confusion with the 

wavevector k,   f is the Fermi level, V is the applied bias, and T is the room temperature. 

 

5. Results and Discussion   
In general, the transmittance of electrons through tunnelling depends on the 

electron energy. There are two effects on the probability of transmittance: the first is the 

thickness of the barrier through its superlattice number, where the probability decreases 

as the number of barriers increases. The second is the concentration ratio (x), where Fig. 

3 and Fig. 4 show that the probability decreases with the increase in the concentration 

ratio as the thickness of the depletion region increases. It is noteworthy that tunnelling 

occurs at the energies of the infrared region with more energies than in the ultraviolet 

region because the interactions of electrons in the infrared region are of the type of 

vibrational interactions that require relatively little energy, while the electronic 

interactions in the ultraviolet region require high energy to occur. The tunnelling 

energies increase closer to each other by increasing the number of barriers at each 

concentration ratio due to the increase in the number of energy levels, where the 

probability of tunnelling for electrons is greater than if the number of energy levels is 

less. Where Eigen energies are often controlled consistently by the thickness of the 

outermost barrier in heterostructures, making them more applicable and effective for 

studying realistic systems [35].  

It can be shown in Fig. 3, when forward bise; that electric tunneling is difficult as 

the barrier's width the number of barrier cells (nbc) increases. Additionally, more 

electrons suffer tunnelling at the same time. It has been observed that at lower 
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concentrations (0.1) (represented by the green colour), tunnelling has little effect on 

electrons, even when the barrier's width increases. Conversely, at higher concentrations 

(0.3), represented by the red colour, increasing the barrier's width affects electrons. The 

two protrusions in the curve just indicate the electrons' transit through the well. Because 

of the barrier separating the two wells, it is noted that the current reduces. 

Figure 3: The transition coefficient of the AlxGa1-xAs/GaAs superlattice as a function of photon 

energy with (N=3), (ncw =5), and (from ncb=1 to 5) with forward basing (V=0.1 V) in a, b, c, d, e 

respectively. The concentration ratios are x=0.1 (green), x=0.2 (purple), and x=0.3 (red). 
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For reverse catalysis, Fig. 4 depicts the same behaviour as Fig. 3, except for a blue 

energy shift. We think this is because reverse catalysis naturally widens the depletion 

region, which influences the energy of the electron that is expended. After all, this 

process needs electrons with higher energies than in forward bias. Where at forward 

bias tunnelling occurs for energies that take the range of the ultraviolet spectrum, while 

at reverse bias, tunnelling occurs close to the visible and infrared spectra. With this, it is 

possible to choose the appropriate energies for the application of the user. We observed 

strong agreement between our results and the reference [35]. 

Figure 4:  The transition coefficient of the AlxGa1-xAs/GaAs superlattice as a function of photon 

energy with (N=3), (ncw=5), and (from ncb=1 to 5) with the reverse basing (V=- 0.1 V) in a, b, c, 

d, e respectively. The concentration ratios are x=0.1 (green), x=0.2 (purple), and x=0.3 (red). 
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Figure 5: The current density of the AlxGa1-xAs/ GaAs superlattice as a function of photon 

energy with (N=3), (ncw =5), and (from ncb = 1 to 5) with forward basing V=0.1 V in a, b,c,d,e 

respectively. The concentration ratios are x=0.1 (green), x=0.2 (purple), and x=0.3 (red). 

 Fig. 5 shows the current density at the forward bias with a voltage of 0.1 V, 

where it is noted that the highest current values are at the energies of the infrared and 

visible regions, while they decrease in the ultraviolet region. As shown in Fig. 5, the 

current density level, which remains relatively high and takes a wide range of energies, 

is shown in Fig. 5d, where the number of cells (ncw) = 4, the concentration ratio = 0.2, 

and 0.1, this achieves the highest current density that can be achieved with the largest 

energy range of photons.  
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With an increase in concentration or the number of barrier cells, the stability of 

the current density will decrease, as there will be fluctuations in the rise and decrease of 

the current density. This is due to the occurrence of tunnelling for energies without 

others, as the current density increases at the largest energy range of photons. 

      In Fig. 6, which represents the current density, but in the reverse bias, where the 

applied bias is equal to -0.1 V, it is noted that a high current density value can be 

obtained and may be higher than it is in the forward bias whenever the number of 

barrier cells is less, which is logically reasonable. The barrier is thinner because the 

probability of electrons crossing over is greater. However, there is a different behaviour 

of the current at a concentration ratio of 0.3, where the highest current density is shown 

in Fig. 6a. Still, soon it starts decreasing faster than the rest of the current densities at 

concentration ratios of 0.2 and 0.1. The reason may be attributed to the fact that, under 

the conditions in Fig. 6a, a reverse current collapse occurred, which is the opposite of 

what was observed in the rest of the figures. 

 

  

                          

Figure 6: The current density of the AlxGa1-xAs/ GaAs superlattice as a function of photon energy 

with (N=3), (ncw=5), and (from ncb= 1 to 5) with reserve basing (V=0.1 V) in a, b, c, d, e 

respectively. The concentration ratios are x=0.1 (green), x=0.2 (purple), and x=0.3 (red). 
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In Fig. 7, the solid curves represent the first energy level, while the discontinuous 

curves represent the ground energy level. It is noted that the energy levels increase at 

the reverse bias. In contrast, the values of the energy levels decrease at the forward bias, 

which confirms our interpretation of the increase in the current density with the reverse 

bias. Generally, it is noted that the energy levels at the reverse bias are higher than in 

the forward bias or no bias. The reason for this is that when the reverse bias is applied, 

an external field is created towards the original field [35], which leads to an increase in 

the voltage barrier, which leads to higher energy levels and vice versa for the energy 

levels at the forward bias. 

 
Figure 7: The Energy level of AlxGa1-x As/ GaAs Superlattice as a function of ncb with N=3 with the 

forward basing V=0, 1 V and the reverse basing V= - 0.1 V. The concentration ratios are x=0.1 (green), 

x=0.2 (purple), and x=0.3 (red). 

 

6 .Conclusions 
Several factors affect the transmission probability and the current density values 

in the formation of a superlattice, the most prominent of which in this study is the 

change in the width of the barrier (ncb). It is crucial to obtain the highest transmission 

probability of charge carriers by changing this factor, which is reflected in the values of 

the current density of the superlattice. A higher current density can be obtained at the 

reverse bias than the forward bias because the energy levels are higher due to the longer 

and more stable stay-lifetime of the electrons. Additionally, considering the energies at 

which tunnelling occurs and exploiting its position in the electromagnetic spectrum to 

be adopted by practical applications (solar cells, detectors, light-emitting diodes) can 

obtain the best results. In other words, there are energies of the electromagnetic 
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spectrum in which the probability of penetration is as high as possible, in contrast to the 

energies in which the probability falls. 
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 AlxGa1-xAs/GaAs  كثافة التيار للشبيكة الفائقة 

أحود زيد عبيد
1 

هوسى عبدالاهير ًضال و
1 

قاسن عبدالحسي شيواءو
1 

ابتسام محمد تقي سلواىو
1 

عبدالرضاهوفق كاظن و
2

 
 جبٍعت بغذاد (،ميٍت اىخشبٍت ىيعيً٘ اىصشفت / )ابِ اىٍٖثٌ اىفٍضٌبء،قسٌ 1

 ٔقسٌ حقٍْبث ْٕذست الاجٖضة اىطبٍت ميٍت اىسلاً اىجبٍع2

 

 الخلاصة 
ىقذ حذد  اّحٍبص.ب٘صفٖب داىت ىيطبقت اىبصشٌت ٍع ٗبذُٗ  اىْظشٌتٍِ اىْبحٍت   AlxGa1-xAs/GaAsحَج دساست اىشبنت اىفبئقت 

اُ ّسبت اىخشمٍض )اىنسش  ٗمَب N=3حٌ حثبٍج عذد اىح٘اجض ٕٗ٘  اىشٍِّ.حقشٌب ٍصف٘فت الاّخقبه مو ٍِ ٍعبٍو الاّخقبه ٗمثبفت حٍبس اىْفق 

اىى  1بٍَْب مبُ ٌخشاٗح عذد اىخلاٌب فً اىحبجض ٍب بٍِ  , ncw=5حٌ حذٌذ عذد اىخلاٌب فً اىبئش  .x=0.1, 0.2,0.3اىَ٘ىً( حٌ حثبٍخٔ حٍث 

بشْٕج ٕزٓ اىذساست عيى اُ اىخغٍش فً عذد خلاٌب اىحبجض ٌيعب دٗسا ٍؤثشا فً حْفٍق حبٍلاث اىشحْت ٗاحخَبىٍت  الاّحٍبصٌٍِ.ملا  عْذ 5

قٌٍ  إضبفت اىى رىل فبُ حطبٍقٔ،فبُ اىخغٍٍش فً مثبفت اىخٍبس ٌعخَذ عيى اىغشض اىَشاد  ىزا، الاسخْضاف.الاّخقبه ىحبٍلاث اىشحْت عْذ ٍْطقت 

ٕٗ٘ ٍب ٌفسشٓ الاّحٍبص اىزي ٌخحنٌ فً ٍسخٌ٘بث اىطبقت فً اىشبنت اىفبئقت.  الاٍبًٍ،مثبفت اىخٍبس عْذ الاّحٍبص اىعنسً اعيى ٍْٖب فً اىخٍبس 

بشفبث بَب فً رىل اىخلاٌب اىشَسٍت ٗاىن فٍٖب،ٍِ اىجذٌش ببىزمش اُ ْٕبك اىعذٌذ ٍِ اىخطبٍقبث اىعَيٍت اىخً ٌَنِ اسخخذاً ٕزا اىْظبً 

 ٗاىصَبٍبث اىثْبئٍت اىببعثت ىيض٘ء.

 

 .ٍصف٘فت اىْقو، اىْقو،AlxGa1-xAs / GaAsاىشبٍنت اىفبئقت  اىخْفٍق اىشًٍّْ، مثبفت اىخٍبس، الكلوات الوفتاحية:

 


