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Abstract

Theoretically, the Al,Ga;As/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 at0.1, 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.

1. Introduction
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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
guantum 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 (QWSs), have become a trending research
topic for most of the semiconductor physics community [7]. The studied heterostructure
consists of n-type AlxGa,—xAs and almost intrinsic or lightly doped p-type GaAs. It is
one of the I11-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/AlGa;xAs (or
AlAs). Investigations into the physics and applications of semiconductor
heterostructures have vyielded 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° A.cm™) 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 I11-
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/AlyGa;yAs using the transfer-matrix method [13]. A
simplistic method was used by Talhi et al. to assess the photocurrent produced by
AlGa;.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/Al,Ga;-,As 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 AlGa;x
As/GaAs superlattice compared with different compositions.

2. Theoretical Part
2.1. GaAs/Al Ga;.xAs Superlattice Structure
GaAs/AlGaixAs 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/AlGa;.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 AliGa;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 AlxGa;«As 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.

C—dTu
V(z) - -

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/AlGa;.xAs. The band gap difference between the two materials is considered to
be equal to 88% of the barrier height (V,) [19]:

V, = 0.88(Egp — Egw) (1)
where (Eg,, = 1.428 eV) is the energy band gap in the well for (GaAs) and
Egp = [1.428 + 1.247x]eV (2)

Egy, is the barrier's energy band gap for AlyGay.«As, as shown in Fig. 2.

GaAs Al x Ga {is g AS

A.ng 0.77 eV ;

Eg = (1.428+ 1.247x) &V
*—* | .
Egw=1.428 eV

AE= 0.481eV &

Figure 2: Band alignment of (GaAs/Al,Ga;.,As) 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 AlGa;.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 a,=5.6533 A [21], while
the barrier material (AlxGa;-xAs) is given by

ap=[5.717x+ 5.686(1-x)]A [lattice constant of Al,Ga;xAs] (3)

It is well known that electrons behave dynamically as if their mass was the effect
of the electron, m*, instead of the mass of the electron, m, in a vacuum. This
observation is very important because the electron m* is much smaller than m, for many
relevant semiconductors. For the junction of the GaAs/AlGa;.xAs superlattice, the
relationship between the Al content (x) and the effective masses is [22] m;, = 0.065m,
and m;, = (0.067 + 0.083x)m,, where m* 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 AlxGa;.x As / GaAs Superlattice
Energy levels in a quantum well structure can be determined by solving the
Schrodinger equation for the wave function. The electron's potential energy V(z)
according to the Ben Daniel-Duke equation of the description of the Schrédinger
equation in one dimension with time independence is [13]:

————— + V(z)

2 dzm*dz \IJ(Z) = SlIJ(Z) (4)

where (€) is the energy of the bottom of the n™ subbands, (V(z)) is the barrier
potential:

b b
V(z)z{vo for nc—zs zSnc+§ (5)

0 otherwise

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 Schrédinger
equation are expressed as follows:

IIJEIW) (3) = Ayp_1€'K1% + By, ez (6)

where k2 = 2m},e/h?,n = 1,2 ...,V, and Nis the number of barriers.
It is possible to provide the barrier's region's wave function as [25]:

A, e K27 + B, ele? fore <V,
qulb)(z) =1 Azn +Banz fore =V, (7)
A,,eks? + B, e~iksz for € >V,

where, ki = 2m;,(V, —€)/h? and k% = 2m; (s — V,)/h% (ky) and (k3) are wave
vectors; note that (k,) becomes purely imaginary when & < V. This case represents the
situation inside the energy barrier, and the wave function becomes exponential without
wave characteristics [26].

When employed at the n™ barrier with the n™ and n+1™ area, the effective mass-
dependent border provides requirements that preserve the probability [24, 26]:

w)
z
n ( )nc

b
=@
E nc
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my, dz ,  mp dz
nc—E nC—E
“’>(z>| Efi)l(z)|
a1 dwffii ©
mj dz | , mj dz
1’1C+5 I'lC+E

where my, and my, 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 2x2 matrix multiplies the input values (y,, 6,) to
produce the output values (y¢ , 6¢). Matrix expressions for transformations include the
following [6]:

81=[et 52| 5]

where the matrix is noted by ..
For the transformation matrix [5]:

M4 M12] _[0( B

J%:[ _
My My, y 6

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: My; My;
Ma; ... My is shown by a single matrix that is the product of both of them [11, 27]:

gﬂ = MN "‘M3M2M1
The determinants follow the rule
detM = detMy --- detM; - detM, - detM;

2.3. Double-Quantum Well
The first potential barrier's initial coefficient of the electron wave is related to [13,
25]:

[5:] =24 [5] (10)

where M is a 2x2 matrix (transfer matrix), which is related to the wave amplitude for
waves at the right of the barrier (A;, B;) and the lift of the barrier (A3, B3), and it can be
obtained by applying the wave function equations in boundary condition Egs. (8) and
(9):

Mlz

Mll MlZ] (11)

MZl MZZ
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Substituting (11) in (10) gives
A3] [Mn M12] [A1]

= 12
b= aecl[e: 12)
Az = My1A; + My;,By
B = M3,A; + M;,B, (13)
(M1)11 = (M1)§2

(M1)12 = (M1)§1

mdil ﬁd&Z

M, = . N 14
e LY Ve a4)

Here, the asterisk indicates the complex conjugate, where the matrix elements are [13,
25]:

k3% —kf ~
(M1)11 = (coshk,b +msmh k,b)e-ikib
kaf?2 — k3 .
(M1)22 = (cosh k,b + msmh k2b> oikib (15)
(M1)12 = k;:{_—lljszzsinh k,b
(My)z1 = ﬂsinh k,b (16)
(—2ik 1k, )

my

f= - and yet M; = 1.

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.
- . . JA .
Therefore, the left-hand wave's coefficient matrix of the n™ barrier BZ““] and the right
2n+1
A2n—1

appears as:
B2n—1] pp

M, = (F)"~ 1 Fr-t (17)

ik
where F = [el e _Qk andn=1,2... V.
0 e~ Xic
This approach can find a relation between the two coefficients A and B in the
outmost layers [28, 29].

A A
[BZN +1] = My My _q = MMy Bl] (18)
2N +1 1

The total barrier is [11, 13]:
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Wy = MyMp_q -+ MMy

Substituting (W,) in Eq. (18) gives:

A2N+1] [Al]
=W, 19
[Bzm n|B, (19)

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 (€) and the bias
being used is (V) [30]:

Wy = (FHYGY (20)

where the matrix G = M;F.

G=
kaf? — k% . k2 + kif? .
hk hk —ikybaiksc 12 Ginhk —ikqc
[ coshk,b + — 2k, sin 2b> e < 2Kk, sinhk,b |e
kZ + k2f2 k2 2 _ k2
ik{c ik1b —ik4cC
[ < ST sinh k2b> e <cosh k,b + 2k 50 sinh k2b> e'*1Pe J
(21)
where W, is Hermitian and has a unit value for its determinant.
Ger = Gp1 + G2
where G,.is a matrix trace G [31].
( kaf?2 — k2 )
2.|coskja.coshk,b + m.sm k;a.sinhk,ble <V,
k
G = S 2. [cos k,a — 2—;sin ka] e=V, (22)
k3f2 + k? )
L2. coskja.coshk;b — m.sm k;a.sinhks;ble >V,

The transmission coefficient (T), as a function of (g, V), can be obtained across
N barriers as follows:

|AZn+1|2

T (g, V) = TE
1

(23)
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Since the multibarrier system's right end contains no reflected electrons, one
can set Bon4+q = 0 [13, 32]. However, using this fact together with Egs. (19) and (23),
the transmission coefficient can be obtained as [13, 33]:

1 1

T(gV) = = 24
(&V) [(Wn)11l2 14 [(Wy)12]? (24)
(Wx)12 can be obtained from
. AN — AN
(Wi)1z = e7 oGy, }\22 — 7\1 (25)
(l(M) 2 sinNGZG <2
| vi2l” |75 tr
|(WN)12|2 = 4 |(M1)12|2N2Gtr =2 (26)
| , |sinh N6 2
U(M1)12| Sinh o Ger > 2

4. Current Density
The current density through the structure of Al Ga;x As/GaAs is calculated using
the Tsu-Esaki current formula [34]:

(ef-2)

v) = KT Mg vy S+ L 27
](S; )_ 2111;13 ]0 (81 ) n (Sf—S—eV) € ( )
e T +1

where Kg is Boltzmann’s constant which is used to avoid any confusion with the
wavevector k, € 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.
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Figure 3: The transition coefficient of the Al,Ga;.,As/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) ina, 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].
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Figure 4: The transition coefficient of the Al,Ga;.,As/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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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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Figure 5: The current density of the Al,Ga; «As/ 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 Vin 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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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.
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Figure 6: The current density of the Al,Ga; ,As/ 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) ina, b, c,d, e
respectively. The concentration ratios are x=0.1 (green), x=0.2 (purple), and x=0.3 (red).

89



Iraqi Journal of Physics, 2024 Vol. 22, No. 3, PP. 78-92

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.
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Figure 7: The Energy level of Al,Ga; 4 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.

Acknowledgement

The authors are grateful to Dr. Marwa N. Najemaldeen for contributing to this

work through their careful scientific discussions.

Conflict of interest

Authors declare that they have no conflict of interest.

References

1. V. Kunets, Ph.D Thesis, Humboldt-Universitat zu Berlin, Mathematisch-Naturwissenschaftliche
Fakultat I, 2004.

2. M. R. Jobayr and E. M. T. Salman, Chinese J. Phys. 74, 270 (2021).
DOI: 10.1016/j.cjph.2021.07.041.

3. M. R. Jobayr and E. M. T. Salman, J. Semicond. 44, 032001 (2023).
DOI: 10.1088/1674-4926/44/3/032001.

4, M. R. Jubayr, E. M. T. Salman, and A. S. Kiteb, Ibn AL-Haitham J. Pure Appl. Sci. 23, 95 (2010).

5. R.J. Martin-Palma, J. Martinez-Duart, and F. Agullé-Rueda, Nanotechnology for Microelectronics
and Optoelectronics (Amsterdam, Netherlands, Elsevier, 2006).

6. P. Mazumder, S. Kulkarni, M. Bhattacharya, S. Jian Ping, and G. I. Haddad, Proce. IEEE 86, 664
(1998). DOI: 10.1109/5.663544.

7. Z. 1. Alferov, Chem. Phys. Chem. 2, 500 (2001). DOI: 10.1002/1439-
7641(20010917)2:8/9<500::AID-CPHC500>3.0.CO;2-X.

8.  H. Kroemer, Proce. IEEE 70, 13 (1982). DOI: 10.1109/PROC.1982.12226.

9. K. M. Qader and E. M. T. Salman, En. Proce. 157, 75 (2019). DOI: 10.1016/j.egypro.2018.11.166.

10. E. Salmana, M. Jobayrb, and H. Hassuna, J. Ovon. Res. 18, 617 (2022).
DOI: 10.15251/JOR.2022.184.61.

11. F. G. Smith, T. A. King, and D. Wilkins, Optics and Photonics: An Introduction (England, John
Wiley & Sons, 2007).

12. M. Semtsiv, Ph.D Thesis, Humboldt-Universitit zu Berlin, Mathematisch-Naturwissenschaftliche
Fakultét I, 2004.

13. J. Nanda, P. K. Mahapatra, and C. L. Roy, Phys. B Conden. Mat. 383, 232 (2006).
DOI: 10.1016/j.physb.2006.03.021.

14. A. Talhi, K. Bouzidi, A. Belghachi, and M. B. Azizi, Third International Conference on Energy,
Materials, Applied Energetics and Pollution (Constantine,Algeria ICEMAEP, 2016). p. 574.

15. A. Abolghasemi and R. Kohandani, Appl. Opt. 57, 7045 (2018). DOI: 10.1364/A0.57.007045.

16. P. Panchadhyayee, R. Biswas, A. Khan, and P. K. Mahapatra, J. Phys. Conden. Mat. 20, 275243
(2008). DOI: 10.1088/0953-8984/20/27/275243.

17. E. . Vasilkova, E. V. Pirogov, M. S. Sobolev, A. I. Baranov, A. S. Gudovskikh, R. A. Khabibullin,
and A. D. Bouravleuv, Phys. Scrip. 99, 025951 (2024). DOI: 10.1088/1402-4896/ad1cbb.

18. L. Esaki, IEEE J. Quant. Elect. 22, 1611 (1986). DOI: 10.1109/JQE.1986.1073162.

19. D. Mukherji and B. R. Nag, Phys. Rev. B 12, 4338 (1975). DOI: 10.1103/PhysRevB.12.4338.

20. J. W. Lee and M. A. Reed, J. Vacu. Sci. Tech. B Microelect. Proce. Phenom. 5, 771 (1987).
DOI: 10.1116/1.583745.

21. Y. Mao, X. X. Liang, G. J. Zhao, and T. L. Song, Journal of Physics: Conference Series (Prague,
Czech Republic 2014). p. 012172.

22. W. L. Bloss, Phys. Rev. B 44, 8035 (1991). DOI: 10.1103/PhysRevB.44.8035.

23. 1. B. Spielman, Ph.D Thesis, California Institute of Technology, 2004.

24. P. Keshagupta, Sci. Tech. Asia 2, 75 (2015).

25. C. Pacher, W. Boxleitner, and E. Gornik, Phys. Rev. B 71, 125317 (2005).
DOI: 10.1103/PhysRevB.71.125317.

26. M. Shen and W. Cao, Mat. Sci. Eng. B 103, 122 (2003). DOI: 10.1016/S0921-5107(03)00159-4.

27. S. E. Lyshevski, Nano and Molecular Electronics Handbook (Boca Raton, CRC Press, 2018).

28. B.Jonssonand S. T. Eng, IEEE J. Quant. Elect. 26, 2025 (1990). DOI: 10.1109/3.62122.

29. A. K. Ghatak, K. Thyagarajan, and M. R. Shenoy, IEEE J. Quant. Elect. 24, 1524 (1988).
DOI: 10.1109/3.7079.

30.. S. S. Allen and S. L. Richardson, Phys. Rev. B 50, 11693 (1994).

DOI: 10.1103/PhysRevB.50.11693.

91



Iraqi Journal of Physics, 2024 Vol. 22, No. 3, PP. 78-92

31. S. Shrestha, N. Bhusal, S. Byahut, and C. K. Sarkar, BIBECHANA 18, 91 (2021).
DOI: 10.3126/bibechana.v18i1.27450.

32. J. W. Choe, H. J. Hwang, A. G. U. Perera, S. G. Matsik, and M. H. Francombe, J. Appl. Phys. 79,
7510 (1996). DOI: 10.1063/1.362422.

33. M. Vasconcelos, E. Albuquerque, and A. Mariz, J. Phys. Conden. Mat. 10, 5839 (1998).
DOI: 10.1088/0953-8984/10/26/012.

34. J. P. Sun, G. I. Haddad, P. Mazumder, and J. N. Schulman, Proce. IEEE 86, 641 (1998).
DOI: 10.1109/5.663541.

35. R.F.JaoandJ. Z. Lai, Journal of Physics: Conference Series (IOP Publishing, 2023). p. 012039.

Al Ga;  As/GaAs Aildl) Aill ) 4auis

o lae pBlS 3hgag Totala A A& Ayl Loualiae il g lasii g TS o508 Jua Sl 4 seal
iy drals i(aligl! ) /48 pacall o slell Lo il IS io by il ansd
acalad) 2 Saall S LunLal) 5 jgn Y] dusais. i a?

Ladal)
s 28] el (505 ae & pead) A8l Al Ledia 50 4 il Aalill (e ALGay . AS/GaAs Al ASulll 4l )y sl
) S s o LS 5 N=3 55l sal) a0 s o i) (3l s RS 5 JEBY1 Sl (o IS JEY) 46 shaan (50
1o le Salall A LA axe 7 5l b S Lain new=5 Ll (8 LAY axe s 23 x=0.1, 0.2,0.3. Cus 484 55 (A sall
llaia) 5 Lnal) el 35 5 1 f3e |50 oy Salall LA ae b Ll o e Ayl o3 sy G sV DS xie
adb O ly ) Al il ) yal) (mpad) e daiag L) A8S 3 il (b 3 Cal i) ddiia die din3l colalal JUEEY)
AL A5 6 AUl il gise B oSy 2 JLaiV) oy Lo 55 ¢ oalel) LDl 8 Lgie o) ouSall JLad¥) die Ll A8
LB 5 dpadl) LAY Gl 5 Lay ol aUail) 13n aladind (Say ) Adeal) ciliplaill e el Gllia ) SSAL sl e
o sl Zie L) Ll Cilalanall

) Ji) 36 hanc AL Gay (AS / GaAS A Al ¢l sl « lall AU Aalidal) clall

92



