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Abstract

In this paper, we conducted an analytical study of the resonant tunneling mechanism in an AlGaAs/GaAs
heterostructure. Our focus was on developing a method to determine the resonance complex positions of the system
using semiclassical path integration. To achieve this, we started by employing a one-dimensional effective model
potential to describe the carrier’s potential as it moves between layers. We then built the fixed energy amplitude
of the structure by accounting for all changes in the phase of the carrier s wave-function as it propagated through
infinite paths. The resonance positions were identified as complex poles of the overall amplitude. We discovered
that these positions depend on both the geometric characteristics of the nanostructure, such as the well and barrier
widths and the barrier height, and material properties like the aluminum’s mole fraction. Our results provide
clear analytical relationships and align with previously published findings, enabling us to predict and optimize the

performance of various nanoscale devices.

Keywords: effective mass, heterostructure, lifetime, resonance, resonant tunneling, semiclassical path integration.

Introduction

Resonances in classical and quantum mechanics, refer to the
case of maximum energy transfer. In classical mechanics,
this happens when an external source’s frequency matches
the natural frequency of the system. In quantum mechanics,
resonances have a complex spectrum due to the quantum
tunneling effect (Kukulin et al., 2013). Resonant tunneling
occurs when a quantum well is positioned between two quantum
barriers, and maximum charge transport happens when the
carrier’s energy aligns with the discrete quantized levels of
the quantum well (Ferry et al., 2001). However, the resonance
position of the incoming carrier is shifted by a complex
amount, where the imaginary part is equal to the inverse
lifetime of the resonance state (Douvropoulos & Nicolaides,
2004; Nicolaides & Douvropoulos, 2005). This shift is related
to the charge resonant transport time. It’s important to note that
there are pure classical systems that also exhibit a complex
spectrum and a tunneling time (Douvropoulos, 2023).

The quantum tunneling effect is the dominant mechanism in
resonance phenomena and was first observed in the thermionic
emission of electrons from a metal surface (Fowler & Nordheim,
1928). When additional interfaces are involved, such as metal-
metal or metal-semiconductor, other types of tunneling occur,
such as interband, direct, phonon-assisted, coherent tunneling,
and others (Ferry et al., 2001). Quantum confinement in atomic

dimensions has evolved from a futuristic concept of the past
to a present-day technological reality (Kim et al., 2020; Wu
et al., 2022), enabling various applications in nanoelectronics
and high-switching speed devices. In our current research, we
are working with a double-barrier heterostructure, made from
alternating GaAs and AlGaAs nanolayers. As a result, the
effective potential that a carrier experiences changes only in
the dimension vertical to the interface and can thus be treated
as one-dimensional.

The current technology allows for precise control of both
geometric and structural parameters of the heterostructure,
opening up applications in photo conversion and photo
catalysis, (Fang, et al., 2020; Tsao, et al., 2021; Yuan, et al.,
2021; Wang, et al., 2023), optoelectronic devices, (Xie, et al.,
2018; Yang & Hao, 2019; Tan, et al., 2021; Qiao, et al., 2022),
photodetectors and phototransistors, (Su, et al., 2005 ; Xu, et
al., 2017; Shin & Choi, 2018 ; Spies & Monroy, 2019 ; Li, et
al., 2013) and spin-based devices (Spies & Monroy, 2019 ; Duy
Khang & Hai, 2019; Xue, et al., 2021). Resonant tunneling
in heterostructures is a topic of significant interest, with
both experimental and theoretical studies being conducted.
Experimental research includes the study of resonant tunneling
of holes and electrons through Landau levels, (Mendez, et
al., 1985; Mendez, et al., 1986), measurement of resonant
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transport time in luminescence spectroscopic experiments
(Alexander, et al., 1990), control of tunneling time with respect
to dwell time (Mishchenko et al., 2014), and modification of
the layer order or layer composition of the heterostructure
to control the resonance peak (Lin, et al., 2015). Theoretical
studies frequently employe the transfer matrix approach, Airy
function formalism, complex energy method, and solution
of transcendental equations to calculate resonance positions,
transmission probability, and resonance positions and widths
(Bahder, et al., 1987; Elabsy, 2000; Djelti, et al., 2014; Sattari,
2015; Rebey, et al., 2022; Elable & Attia, 2023).

While path integrals have been used to calculate various electron
properties of the heterostructure, such as the density of states
at the interface (Sa-yakanit & Slavcheva, 1998) and transport
across the heterostructure with spin-orbit interactions (Bellucci
& Onorato, 2010), they are not commonly used to calculate
the resonance positions. In the past, the author calculated the
fixed energy amplitude of a double-barrier heterostructure
(Douvropoulos, 2014) via semiclassical path integration.
However, the results were primarily qualitative and assumed
a constant electron effective mass across the nanostructure. In
this study, the system is modeled by assuming a linear effective
potential resulting from the combination of the conduction
band offset between the different layers and the application
of a constant bias across the heterostructure. The Green’s
function is then constructed by taking into account the phase
changes of the electron’s wave function due to propagation or
reflection using the semiclassical path integral theory. In this
way, the geometric characteristics of the system, such as the
width of the effective well and barriers, as well as structural

characteristics such as the mass mismatch and the applied bias,
strongly influence the calculation of the resonance positions.

In the following section, we will create the effective potential
that corresponds to the motion of the electron within the
heterostructure. We will then introduce the semiclassical
path integration technique and use it to develop the system’s
Green’s function. The resonance positions will be determined
as the complex poles of the fractional Green’s function. We
will examine how the resonance positions depend on the
applied bias, the mole fraction of Aluminum, and the geometric
characteristics of the system. Our findings will be presented
through a variety of graphs. To conclude, we will summarize
our results and provide a brief conclusion.

Materials

When an AlGaAs layer follows a GaAs layer, a barrier is
created due to the energy difference in the conduction bands of
the two layers. This difference is known as the conduction band
offset (Hanson, 2019), which is equal to the barrier height and
depends on the concentration of Aluminum. A double barrier
potential can be created by the sequence of AlGaAs/GaAs/
AlGaAs, where two AlGaAs layers are grown epitaxially
to form the barriers using modern crystal techniques (Kim,
et al., 2020; Wu, et al., 2022). The resonance state is one of
the quantized levels of the GaAs well. This is illustrated in
Figure 1, which also shows two heavily doped GaAs regions
positioned to the left and right of the aforementioned sequence.
These heavily doped regions are usually referred to as the
emitter and the collector, describing the departure and arrival
of the carrier, respectively. Their maximum occupied energy
level corresponds to the Fermi energy.
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Figure 1: An effective double barrier potential V (2) is created due to the difference in the conduction bands of the GaAs and

AlGaAs layers. The material changes in the z direction. The in-between GaAs well is quantized and then E  is the lowest quantum

level (resonance) of the well. The barrier height V  is due to the conduction band offset, while £, refers to the Fermi level of the
heavily doped GaAs layers.

The mole fraction of aluminium, denoted as y, determines
various material properties of the heterostructure. For electrons,
y determines their effective mass, which is a measure of the
carrier’s inertia. This simplifies the complexity of the band
structure, as it corresponds to the same dynamics but with a
free particle of that mass instead (Pereyra, 2019). The effective
mass, denoted as p*, is defined as inversely proportional to

the second-order derivative of electron energy with respect to
wave number according to the following expression:
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Each layer is assumed to have a constant effective mass that
changes non-continuously as we move from one layer to
another. For the GaAs well, the electron effective mass is
typically taken as " = 0.067me (where me is the mass of a free
electron). However, for the Al Ga, As barrier, the effective
mass varies linearly with the mole fraction of aluminum y as
w,() =(0.067 +0.083y) m_(Hanson, 2019).

The energy gap between the conduction and valence band
of the Al ,Ga, As layer with Aluminum’s mole fraction is
described by the linear relation: Eg=1.426+1.247y. Here, 1.426
eV represents the energy gap of GaAs at room temperature
(300 K) (Hanson, 2019). Additionally, the barrier height of the
AlyGaliyAs layer in Figure 1 depends on y, and this relationship
is more complex with various proposed models for defining
the conduction band offset. One simple approximation is the
60-65% rule, which defines the conduction band offset as 60-
65% of the difference in the energy gaps of the AlyGal-yAs
and GaAs layers (Adachi, 1985). However, our current semi-
classical analysis considers the semi-local exchange potential
method more consistent for calculating the band gaps of the
interface (Wang, et al., 2013), where the barrier height varies
linearly with mole fraction y as:

V,=0.243+0.36(y-0.3) ineV,for 0.3<y<04 2)

Resonant tunneling occurs when the energy of the incoming
electron matches one of the quantized levels of the GaAs well,
leading to maximum flow across the heterostructure. We can
induce resonant tunneling by applying a constant bias between
the emitter and the collector, as shown in the following Figure
2.

e

Figure 2: When a constant bias (V) is applied between the

collector and the emitter, the quasi-bound state £, is lowered

to the Fermi level of the left contact, generating resonant

tunneling. The potential becomes approximately linear. There

are three regions of motion (1,2,3) and four turning points

(a,b,c,d), while z and z, stand for the initial and final point of
charge transport.

In the figure above, the applied bias is uniformly distributed
across the heterostructure, making the effective potential linear
with space. The bias not only changes the potential slope

and shape, but also affects the height of the barriers. These
perturb the quantized levels of the well, causing the lowest
level E, to approach the Fermi level of the left contact, which
generates resonant tunneling. Electrons from the collector
face a large barrier preventing them from tunneling to the left
contact. However, when the applied bias is increased further,
the resonance level E, drops below the Fermi level of the
emitter, leading to decreased flow and the negative differential
resistance phenomenon. Resonant tunneling occurs again when
the first excited resonance state of the well, E,, is lowered to
align with the conduction band of the emitter.

The linearity of the effective potential of Figure 2 is
approximately true. The main source of non-linearity is the
electron-electron interaction (Meghoufel, 2013). However,
introducing the electron effective mass model makes the
contribution of the non-linear terms less significant, as the
electron is treated as a free particle.

Methods

The spectrum of the heterostructure can be calculated by solving
the Schrodinger equation numerically in a self-consistent mode
(Farnam, et al., 2019). Another approach is to construct the
system’s Green’s function and identify the spectrum as the set
of complex poles of its fractional part [1]. The semi-classical
path integral formalism is based on Gutzwiller’s periodic orbit
theory (Gutzwiller, 1971) to construct the system’s Green’s
function, considering quadratic corrections around the classical
propagation path. By assuming a specific energy value, we can
Fourier transform the Green’s function to the time domain
and analytically continue the propagator including paths of
imaginary times (Holstein & Swift, 1982). By transforming
back to the energy domain, we can construct the fixed energy
amplitude, with each possible path contributing through a set
of change factors corresponding to the change of the electron’s
wave function due to propagation or reflection.

The above procedure can be encapsulated in the following
formula that describes the overall contribution for propagation
between endpoints z, and z, of the heavily doped GaAs layers

(Holstein & Swift, 1982):
\/,LT — i{ﬁ(!ﬂk)}
270(2JE~V,,(z)JE=V,,(z))) :

G.(E) =

In this formula, we obtain an infinite sum of products formed
by various combinations of change factors (‘xlk) , each
representing a specific path. These paths are infinite in number,
and the change factors can be categorized into propagation and
reflection types. Their analytic definitions are included in Table
1:
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PROPAGATION CHANGE FACTORS | ‘1%
Turmng Points (a, b, ¢, d)

REFLECTION CHANGE FACTORS ( '4%)

POTENTIAL WELL:
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POTENTIAL BARRIER:

1P (T E) fe‘f\} =

E is the particle’s energy, and Fegrz) the effective potential function.

Table 1: Definition of the change factors for propagation and reflection from the turning points.

The parameter p* represents the electron’s ‘effective mass’
within the propagation region of the two endpoints z and z. This
is distinct from p* and p*, which denote the effective masses
within the GaAs well and the AlGaAs barriers, respectively.
E represents the incoming electron’s energy, while V (z)
corresponds to the effective linear potential function.

In accordance with Figure 2, the heterostructure is divided
into three classically allowed regions of motion (0, 2, 4) and
two classically forbidden regions (1 and 3). Our task is to
calculate the total fixed energy amplitude connecting z and z,
in every possible way. To achieve this, we need to break down
the problem into smaller parts. To start, we define the zeroth
order amplitude as the one that directly connects two points
in a straight path. Then, the first order amplitude involves
propagation between two points with the path repeating itself in
all possible ways, including multiple reflections. The second-
order amplitude involves the interchange of two regions of
motion that connect two space points, and can be expressed
as a function of simpler first-order amplitudes. Finally, the
third-order amplitude combines three regions of motion for
propagation between two space points, and is a function of
simpler second-order amplitudes.

*  When traveling from the starting point z to the first
turning point a, there is a single straight path in the
classically forbidden region 0, making it a zeroth order
amplitude. This path does not include any reflections
or repetitions. Referring to Table 1, the amplitude can
be represented as shown in the following equation

Zna = exp[%\/Z,u*E(a ~2)] 4)

The upper indices of the amplitude represent the two endpoints
of propagation connected with a single arrow, while the lower

index corresponds to the region of motion.

e The next option involves traveling from turning point
a to turning point c¢ through regions 1 and 2 only. In
this case, we need to interchange regions 1 and 2 in all
poss1ble ways, resulting in the second-order amplitude

I 1 2 | The upper indices of the amplitude represent
the endpomts of propagation for each region, with the two

arrows of different directions express the interchange of
the two regions with the longer one pointing to the final
propagation region. This second-order amplitude can be
expressed as a function of simpler first-order amplitudes,
as deﬁned above. Thus,

e a,.!bb<_|:: r;r(_lbb,_c' ,“t 3 bt_kbbt_bc'
¢\3|= L+ 1 T, E Je’” :
| “I I
ae—lbbq_!c'
u, L T,

= - — bbbt
Jio +ifime’ T 7,
(5

The two-way arrow, first order amplitudes in the formula
above correspond to the various pathways connecting the two
endpoints in both directions. For example, the “T * amplitude
describes the sum of all (infinite) paths connecting points a and
b by travelling exclusively inside region 1. These pathways
form a geometric progression due to self repetition, which is
then summed up in the compact formula provided.

*  We have two options to consider: either combining regions
3 and 2, excluding region 1, or combining all three regions
(3,2, 1) to reach point c.

refers to the infinite interchange of regions 3 and 2 in all

pos51ble ways. We symbolize this as

' ¢
|3=2 (6)
s A
{a ey
. L. 1=2
Its calculation is similar to that of | |, and the result

will be provided in the Table 2 that follows. :

refers to traveling from point ¢ back to point ¢ through the
combination of all three regions (1, 2, 3) in every possible way.
The possible partial interchanges always come in pairs, and the
last pair is naturally the combination of regions 1 and 2. This
is a third-order amplitude and is expressed as the following
function.

]’"c' By b e (e "
1372 |?*'k1¢*2 ‘r?*{u 392 JF

Ty
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A
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The overall contribution for propagation from point ¢ back to c
through all three regions is equal to the sum of the distinguished
cases

e {1+|5¢‘2c }
b /)
1%3 = e LAY 2] (8)
1—{[3:\2 112 }
\ FAN

With only region 3 remaining for our paths, there is a final
propagation within region 3 traveling from point ¢ to d. This
final propagation is the first-order amplitude “T ", which can be
calculated as follows:

citd TR

'TB — e—""‘n _e—"‘ﬁ- ﬂuwe -
4t
1 9

- _ . *
e+ e A,

+..

At the end, there is only left a single propagation from d to z;
inside region 4 of the collector, which is the zeroth amplitude

ach
T] calculated as follows

d—}zf

1, = e[ \2i (B + V) (z; )]

In Table 2 that follows, we have calculated all the second order
amplitudes that are involved in the propagation, in terms of the
simpler first order amplitudes.

(10)

{a £y - by ¢
|1 zj 4, I T
, 5 BE ¢
i +ifue™ T T,
7B e e
102 I, T,
\ b dl b
1-T, T,
i £y [ 2B 2 S 4
|3 2] L T
\ ch B
-7, 1,
I By [0 Jal
|3 2] L T
L £El €
1- T T,

Table 2: Calculation of the second order amplitudes in terms
of first order amplitudes.

In Table 3 that follows, we have calculated the first order
amplitudes of the above table as a function of the fundamental
change factors that appear in Table 1:

{ * e

T . ~ e : [
| 4u, )

T / . — -1
{20 8t I |

- - I--\.r' - —I-.-\.-'. _1
M, | ge™ + g e |

T, —infp

+ Jis
My + pe

T | 4
! f g N
| {
1 A + ’I 1Ig * [
\ 4, )
T: { [‘ j" "|_1
(PRNE

Table 3: First order amplitudes involved in the propagation as
a function of the fundamerntal change factors that are included
in Table 1

By combining the previous equations and carefully performing
the tedious calculations, we finally express the overall Green’s
function of equation (3) in terms of the fundamental change
factors of Table 1 and get the following formula:
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Results and Discussions

The Green’s function of the heterostructure reveals the complex
spectrum of the system, represented by the complex poles of its
fractional part. When quantum tunneling is involved, the poles
acquire an imaginary part, influencing the system’s evolution
(Douvropoulos & Nicolaides, 2003). In equation (11), the
maximum value is achieved when the energy coincides with
one of the resonance positions, indicated by the nullification
of the denominator.

To calculate the complex resonance positions, we can expand
the denominator around the real eigenvalues of the quantum
well, which correspond to its dominant contribution. The
amplitude of Table 3 corresponds to the propagation inside
the quantum well. We aim to explore its relationship with the
energy eigenvalues of the quantum well. Assuming the GaAs
quantum well has infinite walls (an approximation true as long
as the barrier height significantly outweighs its lower eigenstate
due to the large enough mole fraction of Aluminium), the
reflection factor (as shown in Table 1) is calculated to be -1
and the amplitude can be calculated as follows.

—

T, =e™(-De™ (- +{e™ (D™ (-1} +
3 E_qu 3 e—jn..l 3 e—f\.,l
- ¥ —e™ 2isinu

(12)
The nullification of the sinus term in the above formula
provides the condition for the eigenvalues of the infinite well:

smu=0=>u=n71= (1f2,{f; .-"'h‘ﬁ\’ﬁdz =nT =
b
(--J'Z,u; }J}JE(C ~b)=nr=E=n’ s

2u,(c-b }2
(13)
Similarly, when the denominator of the ayric amplitude is
nullified, it reveals the quantized levels of the quantum well.
In equation (11), the dominant contribution in the denominator
of the overall Green’s function comes from the real part of the
eigenvalues of the GaAs well. Our calculations were conducted

,,(m . . 0 0 B
;‘q: e g ,ue o ﬁ o
g+ “b] iy 4 N, Sj;ea )

" (1n
for the unbiased potential shown in Figure 1 for simplicity.
When a constant bias is applied, the effective potential changes

according to Figure 2. The ‘7, amplitude still represents the
condition for maximum contribution, which now reads:

g cos(20)+ u, =0 (14)

The condition mentioned above is used to extract the real
part of the resonance positions. To find the complex shift, we
develop the denominator of the Green’s function in equation
(11) around these real parts. We consider two cases (I and II)
by changing the widths of the neighboring AlGaAs barrier to
the emitter and the GaAs well. The geometric characteristics of
the heterostructure, listed in the following Table 4, are chosen
to facilitate comparison with existing literature on the subject.

Heterostructure | o(nm) | f(nm) | y (nm) | 3 (nm)
I 0 1.5 3.5 5.0
I 0 1.0 3.5 5.0

Table 4: The heterostructure dimensions, for the two cases
under study.

We then calculate the resonance positions using condition

(14) for five different values of the applied bias for both I

and II structures. Our results, obtained for Aluminum’s mole

fraction of y=0.34, are in excellent agreement with previous
publications (Merghoufel, 2013).

Applied Bias (V) | 0.001 | 0.050 | 0.100 | 0.150 | 0.200
I Resonance 0.196 | 0.171 | 0.146 | 0.121 | 0.097
Position (eV)
IT Resonance 0.125 1 0.103 | 0.081 | 0.059 | 0.037
Position (eV)

Table 5: The lowest resonance energy position, for the two
types of heterostructure, I and II, for five different values of
the applied bias.

In the next step, we will calculate the lowest resonance position
(E£,) based on the applied bias for both types of the GaAs/
AlGaAs heterostructure. These calculations will be conducted
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using the geometric characteristics specified in Table 2, and
assuming that the electron’s effective mass inside the barrier is
1.458 times the electron’s effective mass inside the well. The
applied bias will impact the slope of the potential, while the
electron’s effective mass will determine the barrier height. Our
findings will be presented in Figure 3. Specifically, they show a
nearly linear decrease with the applied bias, which aligns with
previous literature (Terkhi, et al., 2012; Merghoufel, 2013;
Elabsy & Attia, 2023).

Resonance position (e
c

nnled hizs 4%
Applied bias {¥}

Figure 3: The dependence of the lowest resonance state on

the applied bias, for both types of the heterostructure (I, II).

The calculations are carried out for an electron effective mass

inside the AlGaAs barrier equal to 1.458 times the electron
effective mass inside the GaAs well.

Furthermore, as shown in Figure 3, the resonance position
of type II hetero-structure is lower than that of type I for all
values of the applied bias. This is consistent with the laws of
quantum mechanics, as type II has a wider width and therefore
supports lower energies. This can be easily understood from
expression (13) and the uncertainty principle as well. We can
gain further insight into the properties of resonance position by
studying its dependence on the electron-effective mass within
the barrier. This mass indicates the electron’s inertia. In the
following Figure 3, we illustrate the lowest resonance energy
as a function of for two different values of the applied bias for
both type I and type II.

o
ky
=1
|

[=
w

[=
[T
| NN T T T N T T T N T N N

|
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\

— 0.01 Veolts, Typer
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-oe=- 001 Wolts, Type 1

Resonance position (&%)
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Figure 4: The resonance position as a function of the
electron’s effective mass inside the AlIGaAs barrier. The solid
lines represent the type I heterostructure, while the dashed and
dotted lines represent type II. The results indicate a gradual
decrease with and the applied bias. The decrease is more
pronounced when the width of GaAs is increased (type II).

According to Figure 4, the resonance position decreases not
only with the applied bias, but also with the electron-effective
mass inside the AlGaAs barrier. This is due to the laws of
quantum mechanics, as the GaAs well becomes deeper and
can support lower energy levels. When the width of the GaAs
is increased (type II heterostructure), the resonance positions
become lower, in agreement with the quantum laws (see eq.
(13)) and the uncertainty principle. The complex shift of the
resonance, relative to its unperturbed value, is revealed when
we develop the complex denominator of the Green’s function
in (11) around the lowest resonance positions found in Table
3. Hence, we calculate the complex resonance positions,
including both the real energy shift and the width, as follows:

ER;[En+a5_ﬂyj+i2m/+2ﬁ5EE0+AEr—i%

7400 2 467
15)
—2(N+0g)
— (20 42 , _€ ,
a (e e )ﬁ 2
e gy dn dn du
=- —  +2 Ll +—= -4—
r 4 [dE E, [dE E, " dE ED g, (16
S22 e,mdml g d 0y
dE |E, dE |E,

The formula presented considers ER as the complex resonance
position, which includes the real energy shift AEr and the
width I'. The width represents the full width for half maximum
(FWHM) in the case of a Breit-Wigner energy distribution
(Douvropoulos & Nicolaides, 2004). Therefore, the transport
time for the carrier at resonance is connected to the lifetime
of the resonance state, assuming an exponential decay law for
the system’s evolution. The resonant transport time is directly
linked to the resonance width through equation
T, =h/T (17

and with reference to (13,14), we can express the resonant
transport time as follows.
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Formula (18) represents the resonant transport time of the
heterostructure when we consider other time scales, like
the capacitance time scale or the transit time scale across
the non-tunneling regions [6], to be insignificant. In current
manufacturing practices, this assumption holds true when the
heterostructure is properly designed. Our findings indicate
a nearly linear increase in transport time with the electron
effective mass inside the AlGaAs barrier, for mole fraction
values of Aluminium ranging from 0.3 to 0.4. This aligns with
existing literature on the subject (Wang, et al., 2006; Merghufel,
et al., 2013; Elabsy & Attia, 2023). Figure 5 illustrates the
aforementioned dependence

(18)

— 0.001 Veolts
— 0.050 Velts
— 010D Velts

26 o

Resonant transport time (1s)

138 138 140 142 144 148 148

Electron barrier efiective ma

= lir b=l
=@ {in g units)

Figure 5: Resonant transport time seems to increase almost in

a straight line as the electron’s effective mass changes within

the AlGaAs barrier. We conducted our calculations using a

barrier width of 0.5 nm and a GaAs well width of 4 nm, at

three different applied bias values. Interestingly, we found that

the transport time remains the same regardless of the applied
bias, as the three lines overlap.

Increasing the effective mass of the electron inside the barrier
results in longer lifetimes. This is because, according to
equation (2), the barrier height increases with the electron’s
effective mass. As a result, the electron encounters a higher
barrier, making it more difficult to escape to the collector.
This causes the electron to spend more time inside the GaAs
quantum well. Additionally, the transport time appears to be
independent of the applied bias. According to Figure 5, it is
apparent that all three lines tend to coincide, even when they
correspond to applied biases that differ by two orders of
magnitude. This is consistent with existing literature (Elabsy &
Attia, 2023) and indicates the increased inertia experienced by
the carrier as it moves within the heterostructure. Furthermore,
the resonant transport time is nearly independent of the applied
bias, which also aligns with existing literature (Wang, et al.,
2006; Elabsy & Attia, 2023). In terms of the time scale in
Figure 5, it should be noted that the nanostructure-based device
will operate within the frequency range of 35 to 50 THz.

Conclusion

In our research, we developed a method for determining the
resonance positions in a double barrier Al Ga, As/GaAs
heterostructure, focusing on electron transport between heavily
doped GaAs layers serving as the emitter and the collector.
We created a model of the structure using an effective one-
dimensional potential with different electron-effective masses
for the barriers and the well. Additionally, we applied a
constant bias along the heterostructure to achieve resonant
tunneling conditions. We utilized the semiclassical path
integral formalism to construct the system’s Green’s function
and derived an analytic formula. The resonance positions
were identified as the complex poles of the Green’s function
fractional part. Our calculated lowest resonance positions
closely matched previously published results. We observed
that the resonance positions decrease with both the applied bias
and the GaAs width, consistent with the principles of quantum
mechanics as reported in existing literature. Furthermore, we
found that the resonance positions decrease with the electron’s
effective mass inside the barrier, with the barrier height being
directly proportional to the effective mass. Consequently, an
increase in the effective mass results in a deeper GaAs well,
supporting lower energy levels in accordance with quantum
mechanics. However, the resonant transport time increases
almost linearly with the effective mass and is independent of the
applied bias for the same reasons. Specifically, for aluminium
concentrations between 0.3 and 0.4, the transport time is on the
order of a few femtoseconds, defining the operational range of
the studied heterostructure in the THz region. Our results align
well with existing literature.
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