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Resumo

CELINO, D. R. Modelos Compactos de Diodos de Tunelamento Ressonante. 2024.
174 f. Tese de Doutorado — Escola de Engenharia de Sao Carlos, Universidade de Sao
Paulo, Sao Carlos, 2024.

Devido a crescente demanda por tecnologias capazes de operar na faixa de
frequéncia de Terahertz (THz) o Diodo de Tunelamento Ressonante (RTD) teve seu
interesse renovado por parte da comunidade académica. O RTD ¢ considerado um
candidato promissor para aplicagdes digitais e analdgicas, devido a sua caracteristica
intrinseca de resisténcia diferencial negativa (NDR), alta velocidade de comutacdo e

requisitos de design flexiveis.

Neste cendrio, esta tese de doutorado trata da modelagem compacta e analitica da
caracteristica corrente-tensao (I-V) de diodos de tunelamento ressonante de dupla barreira
de potencial. Com este propdsito, ¢ necessario inicialmente calcular os niveis de energia
dos auto-estados do poco quantico de altura finita, presente nas estruturas semicondutoras
de RTDs. Todavia, a determinag@o de niveis de energia, para pogos quanticos finitos,
somente ¢ possivel por meio da resolucao de equacdes transcendentais ou por algum tipo
de solu¢do numérica, nao permitindo, portanto, solugdo analitica exata. Desta forma
foram desenvolvidas solugdes aproximadas totalmente analiticas para o calculo dos niveis
de energia em pogos quanticos retangulares de altura finita, simétricos e assimétricos,

sendo verificada excelente concordancia.

Em seguida, tendo como ponto de partida o formalismo de Tsu-Esaki para
descrever o transporte de portadores no RTD, considerou-se a distribuicdo geral do
potencial elétrico no dispositivo semicondutor, incluindo a formagdo das regides de carga
espacial de acumulagdo no emissor, armazenamento de carga no pog¢o quantico e
formag¢ao de uma regido deplecao no coletor. Além disso, considerou-se o espalhamento
experimentado pelos portadores durante o processo de tunelamento através da regido de

dupla barreira de potencial.

O modelo I-V desenvolvido contempla dois casos distintos. O primeiro caso
descreve o tunelamento ressonante de elétrons em RTDs, nos quais, devido as
caracteristicas fisicas, paramétricas e geométricas do dispositivo, a regido do emissor

apresenta densidade de estados tridimensional (3D) para os elétrons. O segundo caso
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ocorre especialmente em RTDs com camadas espagadoras com baixo nivel de dopagem.
Neste caso, forma-se no RTD uma regido de acumulagdo, adjacente a regido de dupla
barreira, na qual os elétrons no emissor estdo sujeitos a uma densidade de estado

bidimensional (2D).

De posse do modelo analitico para o calculo dos niveis de energia em pogo
quantico e do modelo desenvolvido para descrever a distribui¢do do perfil de potencial
elétrico no RTD, foram desenvolvidos modelos compactos de caracteristica I-V de RTDs
3D-2D e 2D-2D. Desta forma, este trabalho contribui para a modelagem compacta dos
RTDs, com vistas ao futuro projeto de circuitos empregando estes dispositivos e
considerando os principais fendmenos fisicos relevantes na descricdo das suas
caracteristicas elétricas e obtendo modelos totalmente analiticos e explicitos. Os modelos
desenvolvidos foram validados com dados experimentais e numéricos e fornecendo

concordancia muito boa.

Palavras-chave: diodo de tunelamento ressonante, modelo compacto, pogo quantico,

nanoeletronica, RTD 2D-2D, RTD 3D-2D
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Abstract

CELINO, D. R. Compact Models of Resonant Tunneling Diodes. 2024. 174 p.
Doctoral Thesis — Sao Carlos School of Engineering, University of Sao Paulo, Sao Carlos,
2024.

Due to the growing demand for technologies capable of operating in the Terahertz
(THz) frequency range, the Resonant Tunneling Diode (RTD) has attracted renewed
interest from the academic community. RTD is a promising candidate for digital and
analog applications due to its intrinsic negative differential resistance (NDR)

characteristics, high switching speed, and flexible design requirements.

In this framework, this doctoral thesis deals with the compact modeling of the
current-voltage (I-V) characteristics of double potential barrier resonant tunneling diodes.
For this purpose, it is initially necessary to calculate the energy levels of the eigenstates
for the quantum well of finite height present in the semiconductor structures of RTDs.
However, determining energy levels for finite quantum wells is only possible through the
resolution of transcendental equations using some numerical routine, thereby not
allowing an exact analytical solution. Thus, fully analytical approximate solutions were
developed to calculate energy levels in rectangular quantum wells of finite height,

symmetric and asymmetric, with excellent agreement to exact solutions.

Next, taking the Tsu-Esaki formalism as a starting point to describe carrier
transport in the RTD, we consider the general distribution of the electrical potential in the
semiconductor device, including the formation of the accumulation and depletion space
charge regions, as well as the charge in the quantum well. Furthermore, the scattering
experienced by the carriers during the tunneling process through the double potential

barrier region was also considered.

The I-V model developed encompasses two distinct cases. The first case describes
RTDs, in which, due to the physical, parametric and geometric characteristics of the
device, electrons in the emitter have a three-dimensional (3D) density of states. The
second case occurs particularly in RTDs employing spacer layers with low doping levels.
In this case, the accumulation layer formed in the RTD, adjacent to the double barrier
region, is such that the electrons in the emitter have a two-dimensional (2D) density of

states
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With the analytical model to calculate energy levels in a quantum well and the
model developed to describe the distribution of the electrical potential profile in the RTD,
compact [-V characteristic models of RTDs 3D-2D and 2D-2D were proposed. In this
way, this work contributes to the compact modeling of RTDs, aiming to help on the design
of integrated circuits using these devices and taking into account the main physical
phenomena relevant in the description of the electrical characteristics of the RTD, thus
obtaining fully analytical and explicit models. The developed models were validated with

experimental and numerical data, providing very good agreement.

Keywords: resonant tunneling diode, compact model, quantum well, nanoelectronics,

RTD 2D-2D, RTD 3D-2D
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Chapter 1

Introduction

1.1 Brief Historical Account

Quantum tunneling is a physical phenomenon described by quantum mechanics in which
a subatomic particle crosses a potential barrier despite having a kinetic energy lower than the
barrier height. Such a phenomenon is prohibited by the laws of classical mechanics, where
overcoming a potential barrier by a particle requires sufficient kinetic energy to do so, that is,
energy greater than the barrier height [1]- [3].

Radioactivity, discovered in 1896 by H. Becquerel, was the basis for developing the theory
of quantum tunneling, mainly from the investigation of the decay of alpha particles [4]. As
early as 1900, Rutherford introduced the idea of the half-life of radioactive elements, that is, the
time it takes for a sample of radioactive material to have its atomic mass reduced by half [5].
In 1905, Schweidler demonstrated that the decay time of a nucleus of radioactive material can
only be estimated statistically [6].

In this context, the phenomenon of quantum tunneling was first observed in 1927 by F.
Hund [7]. When investigating the spectra of certain molecules, Hund observed that, in the
specific case of a double well of quantum potential, the superposition of even and odd states
results in a state that allows the tunneling of a subatomic particle from one well to the other [7].
This phenomenon was also observed in the same year independently by L. Mandelstam and M.
Leontovich when they analyzed the implications of the formalism proposed by Schrodinger for

a particle in a potential well with finite height [8].



One of the first applications of the wave formalism developed by Schrédinger consisted of
the mathematical description for the decay of alpha particles, developed in 1928 by G. Gamow
[9]- [10]. To explain the decay of alpha particles, Gamow solved the Schrodinger equation with
an effective continuous potential that contemplates the interior and exterior of the nucleus, to
which he imposed the boundary conditions for the outbound wave function [9]- [10]. Thus,
in Gamow’s formalism, the alpha particle must tunnel through the effective potential barrier
to escape the nucleus. M. Born noted that the idea of tunneling presented by Gamow was not
only applicable to nuclear physics but also to an intrinsic, general characteristic that should be
present in other physical systems. Born realized that the cold emission of electrons from a metal
surface may be another example of this phenomenon. With this assumption, Born generalized
the phenomenon of quantum tunneling, not restricted to nuclear physics but a general result of

quantum mechanics that applies to many different systems [3], [11].

Independently of Gamow, R. Gurney and E. Condon formalized a quantum tunneling-
based explanation for alpha particle decay [12]. Gurney and Condon simultaneously solved
the Schrédinger equation for a nuclear potential model and derived a relationship between par-
ticle half-life and emission energy, which is directly dependent on the tunneling probability

coefficient.

A classic work on tunneling was published in 1928 by Oppenheimer, in which the author
proposes a probabilistic quantum explanation for certain aperiodic phenomena, such as the
scattering of alpha particles [13]. At the same time, Gurney formulated resonant tunneling,
trying to explain how a particle with energy equal to one of the nucleus’s self-energies can

easily penetrate the potential barrier [14].

As far as solid-state devices are concerned, from the 1920s to the 1940s, there were many
attempts to relate the electrical current in a metal-semiconductor rectifier device to the phe-
nomenon of electron tunneling in solids [3]. In 1928, Fowler and Nordheim [15] developed a
theory, based on the cold emission model, to describe the electron emission from the metal in
a vacuum at low temperatures and subjected to intense electric fields. Later, Fowler and Nord-
heim derived an accurate expression for current density considering the probability of electrons
tunneling through the potential barrier between the metal surface and the vacuum [15]. An

excellent historical review of the earliest days of quantum tunneling can be found in [8].



After the invention of the transistor in 1947, electron tunneling returned to attract the interest
of many researchers. By 1950, the fabrication of thin layers of semiconductors such as Ge and
Si had advanced to the point where it was possible to manufacture semiconductor devices with

satisfactory electric output characteristics [16].

In 1957, Esaki proposed the so-called tunnel diode, also known as the Esaki diode [17]. The
tunnel diode is named after the inter-band tunneling between the valence and conduction bands.
The device is composed of a heavily doped PN-junction. When investigating the proposed
tunnel diode, Esaki and coworkers observed a physical phenomenon called negative differential
resistance (NDR). Basically, as the applied bias increases, the current density decreases, which
characterizes the NDR. The Esaki diode has applications in microwave technology and can be
used as a frequency converter, oscillator and receiver [18]. However, its low power output limits

the applications of the device.

Next, in 1964, Iogansen [19] theoretically investigated the control of resonant quantum tun-
neling by applying voltage in double potential barrier structures formed by layers of dielectrics
in a metallic conductor [19]. In addition, throughout the 1960s, there was great research interest
in quantum tunneling between superconductors and metals [20] and between superconductors

separated by thin insulating layers [21].

Later, in 1970, Esaki and Tsu [22] proposed a novel type of one-dimensional periodic poten-
tial — an artificial superlattice. This structure consists of alternating sequence potential barriers
and quantum wells formed by the successive deposition of different semiconductor layers or
by the periodic variation of the alloy composition, such as the alloy Al,Ga; ,As. In the arti-
cle [22], the authors demonstrated that, when biasing the structure, the current-voltage (I-V)
characteristics show an NDR similar to the one observed in the tunnel diodes [22]. However, un-
like the tunnel diode, the negative resistance in superlettice originates from intra-band resonant

tunneling.

During the 1970s, advances in epitaxial growth technologies such as MBE (Molecular Beam
Epitaxy) and MOCVD (Metalorganic Chemical Vapor Deposition) increasingly allowed the
growth of semiconductor heterostructures with a high level of precision and low density of un-
wanted impurities [23]. Thus, it became feasible to manufacture semiconductor structures with

one or more dimensions comparable to the de Broglie wavelength, giving rise to quantization



phenomena. As a consequence, the physical properties of these reduced dimensionality struc-
tures are governed by quantum mechanics. In general, features associated with the carrier’s
wave nature reveal many macroscopic quantum effects [24]. With technological maturity, it
was possible to manufacture structures based on III-V semiconductors and their respective al-
loys, since there are many material systems with compatible lattice parameters, for instance,
GaAs/AlGaAs, InGaAs/InP, and InGaAs/AllnAs.

L. Esaki, I. Giaever and B. Josephson were awarded with the Nobel Prize, in 1973, because
of their work on quantum tunneling [25]. Since then, many devices based on quantum tunneling
have been proposed in the literature: a prominent example is the Double Barrier Resonant

Tunneling Diode (DB-RTD).

1.2 The Resonant Tunneling Diode (RTD)

By using the current technology fabrication process, it is possible to manufacture semicon-
ductor structures with characteristic features of a few tens of Angstréns. One of these popular
structures is the quantum wire. Theoretically, the concept of a quantum wire was pioneered by
Sakaki in 1980 [26], but, only in the 1990s, did these structures become technologically feasi-
ble, due to the improvement in material growth techniques. In these structures, the electronic
confinement is two-dimensional, while, the carriers are free to move in the remaining dimen-
sion, reducing the scattering effects and allowing the production of ultra-fast devices [27]- [30].

Another structure in which quantum effects can be macroscopically observed is the super-
lattice [22], [31]. Theoretically, the superlattice is formed by an infinite periodic structure of
barriers and quantum wells, with a period shorter than the electron mean free path [31]. How-
ever, realistic structures comprise a finite number of periods with alternating semiconductor
layers. Also, the electron mean free path in these realistic structures is relatively short. More-
over, heavily doped interfaces between the superlattice and terminal electrodes, including ohmic
contacts, are unavoidable [31]. Under these circumstances, the transport properties between the
terminal electrodes through the undoped periodic structure can be determined by considering
the multi-barrier tunneling under bias voltage application [31]. This formalism takes into ac-

count two important quantum effects: quantum confinement and quantum tunneling. Also, the



superlattice form coupled electronic states inducing numerous quantum effects, such as quan-
tum Hall effect, Bloch oscillations and negative resistance [32].

Among these heterostructure devices are resonant tunneling devices, such as RTD [33],
which are characterized by the non-linearity in the current-voltage characteristic. In this con-
text, the negative differential resistance of RTDs allows its deployment as an oscillator circuit.
There are also applications in logic circuits and memory devices. Currently, resonant tunneling
structures have a high degree of technological maturity, in which a large number of fabricated
devices operate at room temperature [27]- [30], [34]- [47]. Fig. (1.1) shows a schematic il-
lustration of a double potential barrier RTD composed of the GaAs/AlGaAs heterostructure,

containing the different semiconductor layers and the conduction band profile.
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Figure 1.1: A schematic illustration of a typical bulk resonant tunneling diode structure depicting the
different semiconductor layers that compose the device. The figure also contains a schematic illustration
of the conduction band, depicting the double potential barrier region. The term, E,., refers to the resonant

energy in the quantum well.

From a historical point of view, one of the factors that boosted nanoelectronics in the mid-
1980s was the work on resonant tunneling and semiconductor bandgap engineering with quan-
tum wells and low-dimensional superlattices. The scientific community committed a great effort
to developing these devices, which resulted in rapid progress in the physical understanding of

the charge transport of mesoscopic structures. As a result, the RTD has become a focus of re-



search in nanoelectronics for analog and digital applications. Progress in epitaxial growth has
improved the Peak-to-Valley Current ratio (PVCR) at room temperature beyond what is needed
for many circuit applications. This temperature requirement is one of the most important char-
acteristics any new technology must satisfy, and it distinguishes the RTD from other proposed

interesting quantum devices, which demand cryogenic temperatures [34].

The increasing demand for high bandwidth services, such as 5G applications, artificial in-
telligence (Al), augmented reality (AR), virtual reality (VR), online gaming, [oT (Internet of
Things), and stream platforms, is driving mobile communications towards the use of terahertz
waves. In this context, 5G technology has been standardized to offer data rates up to tens of Gb/s
operating in the millimeter-wave range (24.25 GHz to 52.6 GHz) [35]. However, despite the
high spectral efficiency modulation formats employed, it is generally not possible to obtain data
rates above 100 Gbps in this range. Since 6G mobile networks are expected to support peak data
rates of 1 Tb/s, academia and industry turn their attention to the unlicensed and under-explored
band from 300 GHz to 3 THz, as it provides a contiguous bandwidth of tens and up to hundreds
of gigahertz [36], [37].

For this purpose, however, it is necessary to develop compact and low-cost THz transceivers,
providing high enough output power. Among the available semiconductor technologies, trans-
ceivers based on RTDs are among the most efficient contenders for 6G applications [38], [43].
It is worth noting that the present record for the highest oscillation frequency of 1.92THz was
obtained by an RTD oscillator [29]. Additionally, tunable RTDs were obtained by integrating a
varactor with the resonant element [45]. Furthermore, the RTD demonstrated great versatility
as a resonator across the entire frequency spectrum, with relatively high output power, 420 uW

at a frequency of 550 GHz [46], 1 mW at 300 GHz and 5 mW at 160 GHz [47].

In particular, resonant tunneling devices in combination with silicon transistors are interest-
ing for the semiconductor industry as they offer a way to extend the performance of existing
technologies by increasing switching speed and decreasing power dissipation [48]. In this way,
silicon RTTs (Resonant Tuneling Transistors) may be integrated with CMOS technology [49].
In short, RTDs and RTTs offer a wide range of applications in ADC (Analog-to-Digital Con-

verter), frequency divider or multiplier, oscillator, and digital circuits with more than 2 bits [50].

The ongoing effort in modeling RTD quantum transport is motivated by the necessity to



fully understand its the main electrical characteristics. Furthermore, the modeling provides
valuable knowledge of the quantum aspects of electron transport in mesoscopic systems [51].
For conventional devices, such as the MOSFET and the BJT (Bipolar Junction Transistor) with
geometric dimensions in the micrometers range, the carrier transport models based on Boltz-
mann semi-classical formalism, in its simplest formulation, the drift-diffusion formulation, sat-
isfactorily describe their electrical characteristics. However, Boltzmann formalism becomes
inadequate with the downscaling of semiconductor devices reaching the nanometric scale. The
formalism becomes invalid since the classical concepts of charge carrier transport neglect the
effects of quantum interference which arise from the wave treatment of the physical principle
of operation of the device. Thus, a device model which can adequately treat quantum trans-
port phenomena between macroscopic and microscopic scales is necessary for nanostructures.
In this sense, even in bulk RTDs, because the thickness of the barriers and the quantum well
layers is of in a few nanometers, it becomes necessary to employ Schrédinger wave quantum
formalism to describe carrier transport dynamics [51].

Compact models can be summarized into basically three types:

1. Table-based models, where empirical models are obtained from tabulated data arising
from experimental characterizations or more complex simulations, such as atomistic sim-

ulations

2. Semi-empirical models, in which one or more physical parameters are adjusted to fit

experimental data
3. Physics-based models

Considering the above discussion, compact models are employed over other numerical ap-
proaches for circuit simulators due to the lower computational effort, which allows a quick eval-
uation of the circuit electrical characteristics [51]. Physics-based compact models are widely
used to describe semiconductor devices in electrical circuit simulators. The objective of such
models is to relate the device parameters, such as the thickness of the semiconductor layers, the
potential profile, and its semiconductor material composition, among others, to the output elec-
trical characteristics. Unlike sophisticated numerical methods, compact models quickly evalu-

ate the output characteristics of the device while keeping most of the physical insights required



for optimization. Therefore, they fashion an essential instrument to enable the development of
next-generation devices applications.

As a requirement, compact models must allow a wide range of input parameters, to provide
versatility, take into account the main physical characteristics of the device and have a fast con-
vergence in circuit simulators [51], [52]. In this sense, the accuracy of a compact model depends
mainly on the number of physical parameters used and on the simplifications and assumptions
used to reach the compact expressions. For instance, modeling the I-V characteristic of RTDs
requires a formalism based on quantum mechanics. Therefore, accurate compact models must
include several physical effects, such as charge quantization, coherent resonant tunneling, se-
quential resonant tunneling, and quantum scattering effects, among other mechanisms, which
influence the electrical characteristics of the device.

The number of parameters used in the model must be small but sufficient to represent the
main physical phenomena of the device. Usually, a compact model is characterized by a deter-
mined validity interval. However, in many cases, it is possible to extend the validity interval
through additional equations. Also, a compact analytical model based on device physics can

also be useful for selecting suitable materials for device design.

1.3 Objective

The goal is to develop robust analytical models allowing the analysis and design of RTD
devices. Specifically, we aim to develop compact, analytical physics-based models to describe
RTDs electrical characteristics. In order to achieve a fully analytical model it is necessary to
analytically describe the eigenergies of a finite quantum well present in RTDs. However, to de-
termine these energy levels requires solving transcendental equations, which do not have exact
analytical solutions. Therefore, the first step is to develop analytical expressions to calculate the
energy levels in rectangular quantum wells of finite height.

Next, the thesis deals with two distinct cases. In short, the first case describes the resonant
tunneling of electrons in an RTD, in which, due to the device characteristics, electrons in the
emitter have a 2D density of states. The second one occurs in RTDs where tunneling carriers

from the emitter side possess a 3D density of states.



1.4 Thesis Outline

e In Chapter 2, we review useful analytical expressions to compute the quantum tunneling
transmission coefficient across rectangular potential barriers, with and without applied

bias. These expressions are valuable for a fully analytical RTD model.

e Chapter 3 presents original, accurate analytical expressions to compute the eigenenergies
for finite rectangular quantum wells. We derived useful analytical expressions for nano-
electronics and optoelectronics design purposes. The expressions are validated against
numerical solutions of the energy levels transcendental equations. As a result, an agree-

ment greater than 99% is achieved for the solution space investigated.

e Chapter 4 presents the physical principles of charge transport in RTDs and the origin
of the negative differential resistance (NDR). Then, Tsu and Esaki pioneering work on
electronic charge transport in RTDs is discussed. Also, we outline the relevant scattering
mechanisms present in RTD. Finally, some numerical and analytical models found in the

literature are analyzed.

e In Chapter 5, we develop a fully analytical model for the I-V characteristics of 2D-2D and
3D-2D RTD. We consider the overall electrical potential distribution in the device layer
structure, including the quantized space charge region in the emitter layer, and account
for the scattering effects. The developed model is validated against experimental and
numerical data gathered from technical literature and TCAD simulation performed in this

work.

e In Chapter 6, the contributions and perspectives offered by this work are discussed. Also,

the scope for future work is outlined.

e In the Appendix, we provide on how to employ the approach, referred here as the mapping

function, derived in Chap. 3, to obtain approximate solutions of transcendental equations.
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Chapter 2

Quantum Tunneling

In this chapter, we review useful analytical expressions to compute the quantum tunneling
transmission coefficient across rectangular potential barriers, with and without applied bias.
Specifically, we analyze the double barrier quantum well (DBOW) structure present in RTD
in which the phenomenon of resonant tunneling occurs. For the DBOW, the exact analytical
expression and the Breit-Wigner Lorentzian approximation are also demonstrated [53]. We
should highlight that the expressions provided, in this chapter, comprise the key ingredients

toward a fully analytical model to describe RTD electrical output characteristics.

2.1 Rectangular Potential Barrier

From quantum mechanics, it is known that when the energy of an incident particle is less
than the barrier height, its wavefunction decays exponentially within the barrier region [54]-
[56]. As a consequence, for a barrier of infinite extension, no probability current density flows
through the interface [18], i.e., the entire probability current density is reflected to the inci-
dent region. However, considering a narrow enough barrier width, the wavefunction does not
completely decay to zero before reaching the second interface. In other words, the probability
wavefunction has a non-zero value after passing through the barrier. Classically, there is no
difference in whether the potential barrier is finite or infinite spatial extent. In both cases, the
particle must be reflected by the barrier [57]. However, wavefunction transmission is possible

in the quantum mechanics framework, referred to as quantum tunneling [3].
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v Region| |Region|l|Regionl|
—a +a X

Figure 2.1: Schematic illustration of the wavefunction transmission through a symmetric rectangular
potential barrier. The terms A4, A_, Cy, C_, By and B_ are the wavefunctions amplitudes of incident

and reflected plane waves in each region.

Fig. (2.1) contains a schematic illustration of wavefunction transmission through the one-

dimentional potential barrier. The potential energy profile can be written as

0, z<-a
Ux)=4q Uy, —a<z<a - (2.1
0, z>a
As usual, the one-dimensional Schrédinger equation is
n? d?V,(x)

B + U(z)V;(x) = EV,(x). (2.2)

where m is the carrier effective mass in region 4, & is the reduced Planck constant, ¥;(x)

is the wave function in region ¢ and E is the energy of the carrier. For most practical cases in
microelectronics, the carrier effective mass is the same in regions I and I1I and distinct in region

II, i.e., different in the barrier region. Thus, for the three regions, we obtain

Ui(r) = A+ A e g < —q (2.3)
Uy(z) = Cre 0l —a<2<a

Us(z) = B.e** B 7 1 >q
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where A,, A_,C,,C_, B, and B_ are the wavefunctions amplitudes of incident and reflected
plane waves in each region (see Fig. (2.1)).

The wave vectors k& and K are defined as

2miE
k h; , (2.4)
2m3(Uy — E)
K = 2
The boundary conditions at the interfaces are given by [1]:
Vi(z) = V() (2.5)
1 0 0
—‘I’Z - —WU; 5
m} Ox (@) m} Ox ()
Applying the boundary conditions at the interfaces * = —a and x = «, and setting (3,, =
m3/mj yields
A 1 (kﬁ +zK> alik+K) 1 <fkﬁm+iK) polik—K)
"= 12 8B K\ —a(ih—K 12 kB iﬁ; et K 26)
A 3 (FRE ) e g (M) e
ali K+ikp,, —alik—
%( ) ) %(T)e R By
1 K+zk6 ali 1 ( K—ikBy, \ —ali ’
5( ) (ik—K) 5(7)6 (ik+K) B
writing Eq. (2.6) in the form
Ay | My My B, 2.7
A My My | | B- |

-

M
where M is defined as the transfer matrix. This approach is best known in the literature as the

Transfer Matrix Method (TMM) and can be generalized for multiple barriers structures [18],
[56].
Knowing that coshx = (e” + e *)/2 and sinhz = (e — e")/2 after some algebraic

work, one obtains
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My = [cosh (2Ka) — % (5;1@2—1(2) sinh (2Ka)} egi2ka,

T2 B kK
_ i [ BRLEAHKZN .
My, = 2( TS )smh (2Ka), 2.8)
M22 = Ml*la
My = Ms,.

The transmission coefficient is defined as the ratio between the transmitted probability cur-
rent density, emerging from the right-side of the barrier, and the incident current density to the
left-side of the barrier [1], [18]. Using Eq. (2.9), the current density for the incident wavefunc-
tion, J;,., and transmitted, .J;..,,, 1S obtained assuming a zero incident current density to the
barrier right-side, which means B_ = 0. Then, knowing that the current density can be written

as [1]:

. (\II*V\II - \w\lf*) , (2.9)

we have Jipc, Jiran, and the current density reflected by the barrier, J,..f, as

kh kh kh
Jinc - E Ai‘ ) Jtran - E B_Zg_}a Jref - m_T |A2_| .

One can write the transmission, T , and reflection, R, coefficients as

Jtrom ‘Bi}

T = ,
Jine | AZ]
ey A2

from Eq. (2.7) since B_ = 0, one gets

By 1 A My

_ L A Ma 2.11
A " hy AL @1D)

Next, by using the identity cosh? z = 1 + sinh? z to simplify M;;, combining Eq. (2.11) with
Eq. (2.10), we have:



14

-1
1 2 k2 4 K2)?
T = = (O ) sinh?® (2Ka)| (2.12)
| My [? 462 K2 K?
R _ Ml _ (82.k* + K2)” sinh? (2K a)

[Mul® (82K + K?)*sinh? (2K a) + 482,k2 K2

For the particular case in which m] = mj, replacing Eq. (2.4) in Eq. (2.12) yields:

2 inh2 -1
T - |14 Vi sinh” (2K a) ’
1E (Vo — B)
AE (Vo — E) ]‘1
R — |1+ , 2.13
[ Vi sinh? (2K a) @13)

From Eq. (2.13), when the term sinh? (2/a) vanishes, the transmission coefficient becomes
equal to 1 and the reflection coefficient becomes equal to 0. As an example, consider a potential
barrier with Uy = 1.0 eV and width 20 A. The electron effective mass in regions I and III
is mj = 0.065mg, and in region II is mj = 0.15m( where my is the resting mass. Fig. (2.2)
shows the transmission coefficient as a function of electron kinetic energy for both classical and
quantum particles.

As it can be seen from Fig. (2.2), the transmission coefficient reaches its maximum value
when the kinetic energy is approximately 1.632 eV. In addition, the transmission coefficient,
although small, is non-zero for an incident electron with kinetic energy below Uy, thus, en-
abling quantum tunneling. It is interesting to note that the value of T drops significantly for
E > 1.632 eV. This demonstrates that, even for electrons with kinetic energy greater than the
barrier height there are specific values of £ in which T # 1. This is due to the transmission
coefficient oscillatory behavior, tending to one for incident electrons with kinetic energy greater
than barrier height. On the other hand, for a particle described by classical mechanics, whenever

E > Uy, the transmission will occur [54].

2.2 Rectangular Barrier Under Applied Bias

Fig. (2.3) shows a schematic illustration of a rectangular potential barrier under applied bias.

From Fig. (2.3) it is possible to notice potential slope ( —a < x < a) due to the application
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Figure 2.2: Transmission coefficient for a rectangular potential barrier as a function of incident kinetic

energy.

of the external bias, U, = eV,. The applied electric potential modifies the solutions of the
Schrédinger equation in regions II and III which become a function of the applied voltage.

As done in the previous section, for the region I, we have

d*V,(z) 2miE
d;Z F R0 (2) =0, ky =4/ h; : (2.14)

with the solution given by

Uy (x) = Ay exp(ikiz) + A_ exp(—ikix). (2.15)
For the region I1, we assume a constant electric field distribution as schematically illustrated
in Fig. (2.3). Then, the electric potential in region II as a linear equation given by

V(:c):Ug—%+ozx, a:—%.

Setting p, as

*

2m*o 1/3
m = (B2) o), 2.16)

h2
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U(x) A
Uo
A+—> C+—> B+—>
A« |C_
0 Region| [Regionll| Regionlll
Uq

—a +a X

Figure 2.3: Schematic of a rectangular potential barrier under applied bias.

where § = Vy — V, /2 — E//a, the Schrodinger equation can be written as

d*Vy(z) 2omia\?? [ 2mia\
T;_ [( h; ) ( h; ) (z + B)| ¥a(z) = 0. (2.17)
One can write the relation
2 dpo\* @ [2ma\*? &2
L (ﬁ) 4 ( mgo‘) L 2.18)
dz dr ) dp; 5 dps;
Thus, the Schrodinger equation becomes an Airy-type differential equation:
om*a\¥? @20, om*a’\%/?
(o) 0 (2e) @1

The solution of the above equation is a linear combination of the Airy functions, A: and Bi:

Us(z) = CLAi[py(2)] + C_Bi [py()] . (2.20)

As usual, for region III, we have

d2\113($)

A2 + /{75‘1’3(12) = 0, kg =

(U, + E), (2.21)
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The solution of Eq. (2.21) can be written as W3(z) = B, exp(iksz) + B_ exp(—iksx).
By applying the boundary conditions, one can establish a relationship between the ampli-

tudes of the incident and transmitted wave functions as

Ay < exp(ikia) — 2t exp(ikia)
A £ exp(—ikya) ;’2 exp(ikia)
| Atlea(=a)l Bilpy(—a))
i mL;AZJ [p2(—a)] mL;BZJ [p2(—a)]
i 1 N mx .
| waEmemman B ()] et Emen B ()]
1 . mh .
| w120 wan e mmen A ()]
exp(iksa exp(—iksa B
< | p(iksa) | p(—iksa) + ’ (2.22)
;’;z exp(iksa) —% exp(—iksa) B_

where W (Ai [p,y(a)], Bi [py(a)]), is the Wronskian of the Airy functions [58]- [59]:

W (Ai[py(a)], Bipy(a)]) = Ai[py(a)] Bil [p2(a)] — Ail [p2(a)] Bi [py(a)] .
Assuming that the amplitude B_ is equal to zero, i.e., there is no reflection on the second

interface (r = a), we have

A My, M B
+ | _ 11 12 | (2.23)
A My, My 0
The transmission coefficient is given by
* 2 *
T (k?"’”i) Bl _ <k3mi) . (2.24)

After performing the matrix multiplications in Eq. (2.22) it is necessary to compute the
matrix element Mj;. After some algebraic manipulations and simplifications, one can write

Mll as

exp [i (ksa + k1a)]
2W (Ai[py(a)], Bi[py(a)])

Jeu 1 2 1 m*
x ny _ (—3m1> 74} i [( 3*m§> e — <—m1)72]}, (2.25)
ky mi mj ky ms

Mll =
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where the constants are given by

1 = [Ailpy(=a)] B [py(a)] = Bi[py(~a)] Ai [py(a)]]

72 = A [py(=a)) B [pyfa)] = Bi' [po(—a)] Al [p <a>]}

1 = [=Ailps(~a)] Bilps(a)] + Bilpa(~a)) Ai [ps(a)]

7 = |47 [pa(—0)] Bilps(a)] = B [ps(—a)] Ai [py(a)] (2.26)
besides, we have W (i [p,(a)], Bi [py(a)]) = 7" [60].

Finally, the transmission coefficient is obtained by replacing Eq. (2.25) in Eq. (2.24):

T(E,V,) = (kgmf)w—? 2.27)

k1m§ 4
|G- )|
+ *mZ 73_ I * 72

[ (kg m;)
X Y — il 2"
kl ms

Therefore, assuming a constant electric field distribution in the barrier, the transmission

coefficient is expressed in terms of a linear combination of Airy functions. Because of the
difficulties imposed by utilizing special functions such as Airy, in this work, aiming to derive,
as simple as possible, analytical models, the exact solution given by Eq. (2.27) is used in our

work to validate more simplified approximations.

2.3 Multiple Barriers Under Applied Bias

The multiple barrier structure is formed by alternating potential barriers separated by quan-
tum wells, commonly referred to as superlattice [53], [61]. Superlattices are generally semicon-
ductor structures consisting of a layers sequence composed of different semiconductor materials
arranged periodically [53].

As a first step to compute the transmission coefficient for a multiple barrier structure, the
electric potential energy profile U (x) must be outlined. To do so, we assume a constant electric
field distribution throughout the structure. Fig. (2.4) contains a schematic illustration of a
multiple barrier structure composed of n barriers and n — 1 quantum wells, under applied bias

Va-
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The potential drop over the barriers and quantum well can be expressed as

Vo= AVi+ AVy + ..+ AV, = > AV}, (2.28)
j=1

where e represents the elementary charge. The terms AV in Eq. (2.28) accounts for the elec-
trical potential energy drop over the barrier when j is even, and under the quantum well when j

is odd, as illustrated in Fig. (2.4).

E(eV)‘r
‘ i fav,
®,
E ISR | I PR
0 I i¢2
~
___________ R R A

Figure 2.4: Schematic illustration of the electrical potential energy profile U (x) of an artificial superlat-

tice composed of n-barriers and n-1 quantum wells, under an applied bias V.

Throughout the calculations, x;, and k,, represent the dielectric constants for the barriers
and quantum well regions, respectively. Applying the boundary condition at the interfaces, i.e.,

the continuity of electric field displacement vector, D =cF', yields:

EblFbl = 611)1}711111 = EszbQ = EwQFw2 = ... = Ewn—lFum—l - 6brL}71b717 (229)

where €,;, = kp€9 and €,; = Ky;€o are the permittivities in the barrier and in the well, respec-
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tively. Where ¢ is the vacuum permittivity. Fjy; and F,; are the electric field in the barrier and
in the well [60]. Defying the barriers width as L;; = x9; — 291 and wells width as Ly; =

Toj11 — To;. From Eq. (2.29), assuming a constant electric field, one can write

AV; AV, AV, AV,

— € = — € .
e(zg—x1)  “le(ws—a9) e(Tan1 — Ton2)  e(Tan — Tan1)

= ... = €uyn—1
(2.30)

€n1

Using Eq. (2.30) we can write AV for j # 1 as a function of AV}, hence, combining with
Eq. (2.28), yields

1—|— [($4—zg)%—l—...—l—(l'gn—zgn_l):—l] 1 +

Vo =AN

b
(23 — xz):ﬁ + . 4 (T2n—1 — I%J)fﬁ] (x;xl)

isolating the term (2 — x1) and noticing that F},; = AV} /(z9 — x1), we have

n n—1 -1
1 1
Fbl = ‘/a (xg — $1) + €b, Z ; (l‘gj — $2j_1) + €b, Z E— ($2j+1 — l’gj)] . (231)
j=2 j=1

For the particular case in which all quantum wells are made of the same semiconductor,
€wj = €. Similarly, if the barriers are composed of the same material, then yields ¢,; = €,. In
this case, defining F, = I, and F,,; = F,, and writing all the terms AV as a function of the

electric field in the first barrier and the electric field in the first well, yields:

F,=1,

n n—1 -1

Kb
§‘ 1 Ly; + (H—w) § 1 LWj] . (2.32)
J= J=

Using Eq. (2.29) one gets F,, = €¢,F/e,. Hence, we can write the electrical potential

energy drop AV; as AV; = ed; F;, where d; = x;1 — x; and Fj is given by

F,, j—even
Fb, ] — odd

Thus, to j = 1,2, ...,2n — 1, the potential energy within the region z; < x < x;;1 can be

Fj:

written as

Ulz) = E+®; — eF (v — 1;) (2.33)
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where

2j—1
Oyj=—» AV;—E, (2.34)

j=1

2j—2
Oy =Up— Y AV, —E, (2.35)

j=1

After determining the electrical potential drop at each barrier and quantum well, one can
compute the tunneling coefficient under an applied external voltage. Seeking an analytical
approximation for the transmission coefficient in the particular case of double potential barrier,

in the next section, the classical WKB method is presented.

2.4 The WKB Method

The WKB (Wentzel-Kramers-Brillouin) method, or simply WKB approximation, is a useful
method for finding approximate solutions to linear differential equations with spatially varying
coefficients [56]. For the case of interest here, consider an electron in a crystal structure, such
as the semiconductor, subjected to an arbitrary potential energy profile U (z) with slow spatial
variation (in relation to de Broglie wavelength). The one-dimensional Schrédinger equation in
the effective mass approximation is

d*C(z) 2m*

— =~ [E-U@) C(a) (2.36)

where C'(x) is the envelope function in the crystalline medium [55]. The complete electron
wave function is of the form ¥(z) ~ C(x)uy(x), where uy(x) represents the Bloch function

[55]. Using the WKB method, the solution of Eq. (2.36) is [55]:

Ko

o0 et Ja VQdu (2.37)

Y

C(x) =~

where

Q) =~ [E - V(). 239)
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when £ > U(x), one can write /Q(x) = ik(x), and, the wave vector can be written as

k(z) = h=*y/2m* [E — U(x)]. Hence, the envelope function can be written as

K -
C(z) v —mmm et Ja Hw)du (2.39)
k(z)

where K is an arbitrary constant. One can interpret Eq. (2.39) as a plane wave in which the

wavelength varies slowly in z-direction and also the amplitude decreases with increasing wave

vector.
ifgk(u)du U(x
C(x)zL / ( )
v k(x)
E _____________________ [y A WY A VY (R Vi —

Figure 2.5: Schematic illustration of a particle tunneling through an arbitrary potential barrier.

Considering an electron incident at an electrical potential barrier with kinetic energy £ <
U(x), as illustrated in Fig. (2.5). In this situation, we have Q(x) = k*(x) = —2m* [E — U(x)| /h* >
0. Thus, the solution of Eq. (2.36) using the WKB method is given by

C(z) ~ Aeiﬁf k(u)du

o (2.40)

)

we neglect the term (+) in the exponent of Eq. (2.40), since in this case, C'(x) would tend to
infinite. Again, K is a normalization constant of the wave function. Fig. (2.5) illustrates the

classic turning points, x = x; and x = x5, where the difference £ — U () tends to zero. In this
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case, one can write the ratio between the envelope functions, at the turning points, by using Eq.

(2.40):

Claa) €~ J&? k(w)du T
C(J?l) e_fazl k(u)du

, (2.41)

where ¢ is the phase angle between the classic turning points [56]. Finally, we can calculate
the tunneling coefficient using the WKB method, Ty x5 (F), for the situation illustrated in Fig.
(2.5), as [56]:

TWKB(E) ~ ‘

. (2.42)

2.4.1 Calculation of Ty x5 for a Rectangular Barrier With and Without

Applied Bias

In this section, we apply the WKB method to calculate the transmission probability coeffi-
cient Ty p(F) for a rectangular potential barrier with and without applied bias, as illustrated
in Fig. (2.6). Fig (2.6-a) shows a schematic illustration of a barrier with height U, and width
2a. Fig. (2.6-b) shows the barrier in the absence of applied bias, while Fig. (2.6-a) illustrates
the barrier with applied bias U;. Again, we assume a linear electrical potential energy U (z) dis-
tribution in region defined by x € [—a, a]. It is worth noting that the barrier shape illustrated in
Fig. (2.6-b) is often used in the analytical modeling of the RTD output characteristics [ 18], [53].

In the absence of applied bias, by using Eq. (2.42) one gets

Twrp(E) =

exp <_4_ﬁa 2mi (Uy — E)) ‘ . (2.43)

As an example of transmitting an electron through a potential barrier, consider Uy = 1.0
eV and width 20 A, the electron effective mass in the barrier as my = 0.15m and outside
of the barrier region as mj = mj = 0.065m,. Fig. (2.7) shows the transmission coefficient
as a function of the kinetic energy by using Eq. (2.43) and also the exact solution obtained by
Eq. (2.12). As it can be seen from Fig. (2.7), the first-order WKB approximation provides a
good agreement for incident kinetic energy lower than the height of the barrier, that is, when

E < 1.0 eV. For the cases where the electron kinetic energy is greater than the barrier height
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(a)

U(x) A
(b)

Figure 2.6: Part (a): Schematic illustration of a rectangular barrier Uy. Part (b): A schematic illustration

of a barrier under applied voltage.

we have Ty p(FE) = 1 resembling the classical behavior shown in Fig. (2.2), distinct from the

oscillatory behavior given by Eq. (2.12) (red curve in Fig. (2.7)).

In the case of an external bias applied to the barrier, as depicted in Fig. (2.6-b), the electrical

potential in the range —a < = < a can be written as

Applying the WKB method through Eq. (2.42) yields

TWKB(E) ~

making a change of variable, one can get

2 a
exp (—%\/27712/ \/—g—(j + <U0 o Y

o)

Y

(2.44)
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Figure 2.7: Exact and approximate transmission coefficient provided by the WKB method, for a rectan-

gular potential barrier with Uy = 1.0 eV and width 20 A.

ZL’Ul U1
= —— — F - —
u % + (Uo 9 ) ;
—2a
de = ——d
X V1 u,

In this way, we have

1 —4a u3/2 0N
Twis(E) ~ T | S
ot~ o |55V [ )
finally:
8a/2m;}
Twrp(E) =~ |exp <_W1b [(Uo ~E)*?—(Uy- E - U1)3/2]> ‘ : (2.45)

Once more, as an example, consider a potential barrier with the following parameters: Uy =
1.0 eV, barrier width 20 A, m; = 0.15mo and m} = m} = 0.065m,. Fig. (2.8) shows the

transmission coefficient as a function of the electron kinetic energy through Eq. (2.45) and the
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exact solution given by Eq. (2.27) for an applied bias equivalent to U; = 0.3eV. As it can be
seen from Fig. (2.7) the first order WKB approximation shows a fair agreement for £ < 1.0
eV.

T
e

Exact:

In(T)

—

0 1 2 3 4 5 6
E(eV)

Figure 2.8: Exact and WKB approximate transmission coefficient for a rectangular potential barrier with

Up = 1.0 eV and width 20 A, under an applied external potential of U; = —0.3eV.

We should point out that under an applied bias the barrier becomes asymmetrical. Indeed,
by increasing the applied bias, the barrier assumes a more triangular shape than a trapezoidal
one. Eventually, above a specific voltage, the barrier profile becomes completely triangular (in
respect to an arbitrary incident energy £) [53]. Thus, for an electron with incident kinetic energy
less than the barrier height, the WKB approximation provides a reasonable agreement with the
exact solution. As we will demonstrate in the following chapters, the barrier profile sketched
in Fig. (2.6-b) provides a satisfactory approximation for modeling the single barriers in RTD,
under applied bias. In fact, the electrical output characteristics of RTD are more sensitive to
the global tunneling, i.e., the transmission coefficient computed considering the double barrier

structure rather than the individual transmission coefficient of each barrier.

In the next section, we investigate the electron tunneling through a double barrier quantum
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well, characterized as resonant tunneling.

2.5 Double Barrier Quantum Well

In particular, the tunneling structure of interest in this work is the double barrier quantum
well (DBQW), the basic building blocks in RTDs. Fig. (2.9) shows a schematic illustration of
the DBQW. Semiconductor DBQWs can be fabricated through a layer sequence composed of

different semiconductor materials, such as GaAs/Ga;_,Al,As, InP/InAs, among others [51].

E(eV),
e
Ak— B, AR, [BE
AL BL AR BR
0 < > < >« > >
Ly Ly Ly x

Figure 2.9: Schematic illustration of a double barrier quantum well. The terms Bﬁ, B, Af and AF

represent the incident and reflected waves propagating through the structure.

To calculate the tunneling coefficient for a DBQW, initially, we employ the transfer matrix
formalism. The plane waves inside the well, BY, BZ, A% and A are under the same electrical
potential, although defined in different regions. Thus, it can be considered that these waves

experienced only phase shifting inside the quantum well. Hence, one can write

R ikLw L
Al = " BY,
AR — iklupl

writing in matrix form
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BL e—ikLw 0 AR AR
= =P, | T, (2.46)
BE 0 el AR AR
so, we define P, as the propagation matrix of the wave functions in the well. For the whole

structure we can write

AL | Mpn Mg e klw Mpg11 Mg Bf
AL Mo Mpoo 0 kb Mpo1  Mpos Bt 7
AL BE
l=MP,Mp| |,

AL BE

writing My = M P,Mp and carrying out the calculations yields

—ikLay ik L —ikLu kL
M e " My Mpn + e MpioMpor e "™ MpiiMpia + €™ M2 Mpoo
T p—
kL ik Lo —ikL kL

e " Moy Mgy + € Moo Mpor e Moy Mpia + € Moo Mpao
(2.47)
Thus, considering no wave incidence from right to left, leads to B = 0. Hence, we have

Al = Mpy; BE, where

Mipyy = ’(e—i(kLw—&-&p)m%l i ei(kLw)M221>2’ .

Since the barriers are identical, we can write M1, and Mg, in a phasor form as

M1 = Mpyy = My = |maq| e "

where the coefficients My, Mis, My and Mo, are given by Eq. (2.8) setting L, = 2a. Finally,

we have

2
(Brk?+K2)"
my = \/1 + 1R sinh® (K Ly),

K2 Q2 /{Z2
© = arctan {(ﬁ) tanh (KLb)] :
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where 3, = mj/mi, k = \/2m,E/hand K = /2m;(Uy — E)/h. The term L,, refers to
the quantum well width. The terms m; and m;, account for the electron effective masses in the
barrier and well regions, respectively.

The transmission coefficient is given by Tppow (E£) = |MT11|_2. After some algebraic

manipulations, we get

2
‘MT11‘2 = (\m11\2 + |M21‘2) + 4 |M11‘2 ‘M21|2COS2 [2 (/{ZLw + 30)] y

2. . .. . .
where the term (\mn\Q + |M21\2) is equal to one, since it is the transfer matrix determinant,

where the plane wave functions are normalized. Carrying out the calculations one obtain

1 1

T E) = = '
poaw(E) |Mpi [ 1+ 4| My [? [Ma]? cos? [2 (kLy + )]

(2.48)

For a rectangular barrier the transmission and reflection coefficient are given by T; =

|My;| 7% and Ry = | My, |* / [ My, respectively. Hence, Eq. (2.48) can be simplified to

T3
- T? + 4R? cos? (kL,, — 0)

Tpeow(E) (2.49)

As it can be seen in Eq. (2.49), the tunneling coefficient T pgow (£) depends on the barriers
width, L;, the well width, L,,, the electron effective masses and barrier height, U,. Fig. (2.10)
shows the tunneling coefficient for a DBQW with the following parameters: L, = 304, L,, =
50 A, my = 0.15mg, m;, = 0.067mo and Uy = 1.0 eV. In Fig. (2.10), it is possible to observe
several peaks in the curve for In(T ppow (E)). These peaks occurs for electron kinetic energy
values less than the barriers height, i.e., in cases where £/ < 1.0 eV. As it can be seen in Fig.
(2.10), for energy greater than Uy, the tunneling coefficient tends to zero with an oscillatory
behavior, which is equivalent to Tppow (E) — 1. The energy peaks shown in Fig. (2.10),
marked by the blue and green dashed lines, can be interpreted as resonance energies, where
T ppow (£) has maximum values, for this particular case £y = 0.11eV and Ey = 0.45¢€V.
At the resonance peak, the coherent superposition of the reflected waves cancels out in both
amplitude and phase, making the transmission coefficient equal to one [2]. It is interesting to
note that the resonance energies are precisely the quantum well eigenenergies [53]. In the next

section, we derive the Breit-Wigner approximation to compute the T'(E). This approximation
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Figure 2.10: Tunneling coefficient as a function of the electron energy for a DBQW with L, = 30 A,
Ly =50A, m; = 0.15mg, m§, = 0.067mg and Vo = 1.0 eV.

is used in our work as an ingredient element to develop an analytical current density expression

for RTD structures.

2.5.1 Breit-Wigner Approximation

The Breit-Wigner approximation was proposed in a seminal article entitled Capture of Slow
Neutrons published, in 1936, by physicists G. Breit and E. Wigner [62]. In this paper, Breit and
Wigner investigated the phenomenon of neutron absorption by atomic nuclei after a neutron-
nucleus collision. [62]. In this regard, the authors proposed the existence of quasi-stationary
states, i.e., resonant energy levels. Then, they derived an approximate expression for the decay
time of these states [62]. This formalism can also be applied to the specific case of DBQW
structure [3], [18], [53].

In Eq. (2.49), if we consider the infinite well approximation, it is possible to demonstrate

that 0 = —x /2 [3], [53]. Thereby,



31

E(eV)
[ E,
_ E;
e
E Io—» E,
— > —> >
L, L, Lp X

Figure 2.11: Schematic illustration of the resonant levels, E,,, in the quantum well.

cos? (k‘Lw + g) = sin? (kL) .

At resonance, it is necessary that £ — E,,, and consequently, Tppow (£) — 1. Then,
sin (kL,,) — 0, where n is the index for the eigenenergies, as illustrated in Fig. (2.11). There-

fore, we can write

sin? (kLy) ~ [(k — kn) Lu)?, (2.50)

where £ is given by

k— K, 7V2me"( £—1>. 2.51)

-~ E.

We can write the electron energy around the resonant energy levels as £ = E,, + ¢, hence,

FE E,+e €
”E_n_” E —,/1+En—\/1+5, (2.52)

where 0 = €/ F,,. One can rewrite Eq. (2.51) as

we have

k—kn:—"%;;wl(\/H—é—l),
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assuming small 4, we can approximate /1 + d ~ 1 + /2, thus

_— _V2miVE, (E-E,
T 2 E, ’

hence

st = [T (Y

2 |muly (B-E,)

(2.53)

Therefore, combining Eq. (2.53) with Eq. (2.49), the Breit-Wigner approximation for the

tunneling coefficient is given by

2T2h%E,
4RZm3, L2
TDBQW(E) ~ Tom2p2E 5
o+ (E - E,)
4R%m;L%U + ( n

(2.54)

Writing Eq. (2.54) in the usual Lorentzian form, one can define the resonance linewidth as

L [2TiRE,
Rim;, L,

~ (T/2)" (2.55)
(T/2)%+ (E — E,)* '

hence, rewriting Eq. (2.54):

Tprow(E)

In case of unequal barriers, using the same formalism described in this section, it is possible
to derive a Lorentzian approximation similar to Eq. (2.55) [3]. To do so, we start by defining
T, = T,(E,) and T = Tr(E,) as the tunneling coefficients of the left and right barriers
in respect to the well, respectively. Following the same procedure, the tunneling coefficient for
asymmetric barriers, in the Breit-Wigner approximation, is

I'Tr (T./2)?

o) = T T ap (B B 220

where [';, and ' are the left and right barrier resonance linewidths, respectively:
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2T2h2E,
PL = 9
(1= "T)*my L3,
2T%h2E,
PR = )
(1= Tr)*m, L,
the equivalent resonance linewidth is given by I'. = (I';, + I'g)/2. Note that if ', = ' Eq.
(2.56) becomes Eq. (2.55).

0 \/\
Exact
5 — Approx. E,
E
c -10
-15 I
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Figure 2.12: Tunneling coefficient for a DBQW. The energy levels were exactly calculated using Eq.
(2.49) and using the Breit-Wigner approximation for the resonance energies, F4, = 0.11eV and E» =

0.45eV.

Fig. (2.12) shows the tunneling coefficient as a function of kinetic energy for the case
illustrated in Fig. (2.10), calculated exactly using Eq. (2.49) and using the Breit-Wigner ap-
proximation, Eq. (2.55). From Fig. (2.12), it is possible to identify the resonance energies
E; = 0.11eV and E, = 0.45eV. As it can be seen in Fig. (2.12), for £ < U, , effectively,
the tunneling occurs around the resonance levels. Therefore, the Breit-Wigner approximation
shows a good agreement when the electrons kinetic energy, F, is within the resonance linewidth

I". On the other hand, for kinetic energy outside the resonance width, it can be seen from Fig.



34

(2.12) that the tunneling coefficient does not provide a good agreement with the exact solution.
However, in these regions, the magnitude of T ppow (E) is negligible and, therefore, the Breit-
Wigner approximation presents a good agreement for the regions of interest [3], [53]. Although
the Breit-Wigner approximation offers a satisfactory agreement within the resonance linewidth,
in order to use this approximation is necessary to compute the values of the quantum well
eigenenergies. However, for a finite rectangular quantum well, the energy levels are obtained
through the solution of transcendental equations, which, by definition, has no analytical solu-
tions [1], [54]. To address this problem, in the next chapter, we propose accurate approximate

analytical solutions to determine the energy levels in the finite rectangular potential wells.
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Chapter 3

Analytical Expressions for Eingenenergy
Levels in Finite Rectangular Quantum

Wells

This chapter presents original accurate analytical expressions to compute the eigenenergies
for finite rectangular quantum wells. Specifically, we propose a novel approximation method
to calculate the roots of trigonometric transcendental equations by means of a Taylor series
dynamic expansion approach. The expressions are validated against numerical solutions of the
energy levels transcendental equations. As a result, an agreement greater than 99% is achieved
for the solution space investigated. In addition, we derived useful analytical expressions for
nanoelectronics and optoelectronics design purposes. As we will demonstrate in the following

chapters, the proposed expressions are helpful in formulating a fully analytical model for the
RTD.

3.1 Introduction

As discussed in the previous Chapter, computing the resonant tunneling transmission coeffi-
cient by means of the Breit-Wigner approximation requires the value of the finite quantum well
eigenergies. In this regards, the classic example found in quantum mechanics textbooks is the

infinite rectangular potential well, which has an explicit analytical expression for calculating
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the eigenenergies [54]. However, in realistic quantum devices, the infinite well approximation
does not provide a good agreement with the experimental results, being necessary to consider
the quantum well with finite barrier height [1]. However, for finite quantum wells, the solution
of the Schrodinger equation can only be obtained through transcendental equations [1], which
do not have an explicit analytical solution. Usually, its solution is determined by numerical

techniques, such as Newton-Raphson method [1], [53].

Moreover, in the compact modeling scope, numerical solutions [63]- [64] are not always
suitable due to the prohibitive computational effort demanded, especially, when it is necessary
to simulate hundreds of thousands of these devices simultaneously, which often occurs in inte-
grated circuits design. Other alternatives, based on infinite series expansion [65]- [67], Green
functions [68] and Cauchy-Riemann method [69] are rather complex. Additionally, most of
the literature does not consider different effective masses and/or asymmetric wells, which is

fundamental to accurate describe semiconductor quantum well devices [70], [71].

Following the discussion in the previous paragraphs, we develop an analytical method pro-
viding compact expressions for the computation of finite quantum well eigenenergies. As com-
pact expressions of this nature are not widely found in the literature, we carry out a detailed
calculations to find these eigenenergies, aiming to achieve an accuracy level suitable for com-

pact modeling applications.

3.2 Symmetric Finite Square Quantum Well

3.2.1 Theoretical Background

In semiconductor devices, one-dimensional quantum wells are defined as thin layered
structures with different bandgaps, where charge carriers, electrons or holes, are confined due
to quantum mechanical effects [72]. As shown in Fig. (3.1), a typical symmetric quantum well
(SQW) consists of two potential barriers of the same height (regions I and III) and a thin layer
of narrower bandgap — the well — where the carriers are confined in the x-direction. The

potential energy profile U(z) is given by
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Figure 3.1: Schematic illustration of a typical layered semiconductor structure comprising a rectangular
quantum well of width L,, and symmetric potential barriers of height Uy. The terms E,, represent the

energy levels.

As usual, Schrodinger one-dimensional equation for this structure is

_ ﬁ2 d2\I/Z(£L’)
2m;  dx?

+U(2)¥(z) = EV,(z), i =1,2,3 (3.2)

where m/ is the carrier effective mass in region i, & is the reduced Planck constant, ¥;(x) is the
wave function in region ¢ and F is the energy of the carrier (£ < Up). The solution of Eq. (3.2)
in regions I and I is in the form plane waves: ¥, (x) = Ae** and U3(z) = Be %1%, where A

and B are normalization constants, and the wave vector k; for both regions is

where m; 1s the effective carrier mass at the potential barriers. The solution to the Schrodinger

equation in region II is

Uy(x) = C cos(kex) + D sin(kex) (3.4)
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where C'and D are normalization constants, and the wave vector is ky = (\ /2m;;E) /h, where
m;, 1s the carrier effective mass at the potential well.
The usual boundary conditions — also know as BenDaniel-Duke boundary conditions

— at the interface of two semiconductor materials, ¢ and j, are [71]:

Ui(z) = ¥ (x) (3.5)

Assuming constants A and B different from zero, these boundary conditions yield a tran-

scendental equations known in the literature as odd-parity equation:

*

* KoLy
Mwp — kytan ( 2 ) , (3.6)
my 2

similarly, assuming constants C' and D different from zero, yields another transcendental equa-

tions known in the literature as even-parity equation:

. L
— Dug = kycot (kQQ “’) . (3.7)
b

Defining £ as the parameter that encompasses the physical parameters of the well:

Ly /—

we can write

koLy Ly o—
5 = 75V 2L E. (3.9)

Hence, Egs. (3.6) and (3.7) can be written as

’[’}:

52

tan (n) = ay, ? -1, (3.10)
52

cot (n) = —amt| = — 1, (3.11)
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where a2, = m}, /m; is the parameter accounting for the differences in effective masses along
the structure.

Under the parabolic band approximation, the eigenenergy levels are calculated using
the expression FE,, = k2h?/ (2m) [72], where k,, is the wave vector associated with each state

in the well region. Then, we have

2h?

E, :—772
y,n x 72 'In?
mew

n=123,..N,, (3.12)

where n corresponds to the n-th energy level of a set of IV, allowed energy levels in the finite
well.

As seen in Eq. (3.12), the energy levels of a symmetric quantum well, FEj, ,, are
obtained as function of 7,,. In other words, they depend on finding the roots of Eqgs. (3.10)
and (3.11). The traditional approaches to compute these energy levels rely on graphical meth-
ods [73], [74] or numerical methods [63], [64]. As stated before, neither of them can be con-
sidered suitable for compact modelling, which requires simplified analytical expressions. Other
approaches available in the literature [65]- [68] are too complex for compact modeling. Many
of them do not provide explicit analytical expressions and/or do not take into account the ef-
fective mass differences of realistic structures. In an attempt to solve these shortcomings, in
this work, we present a novel method to obtain the energy levels, E, ,,, with closed-form and
high-accurate analytical expressions, which are well suited for compact modelling in the semi-
conductor industry. To do so, in the next sub-section we focus on solving Eqgs. (3.10) and

(3.11).

3.2.2 Analytical Approximate Solution for SQW

To obtain a general method for computing any allowed energy levels for a wide range
of physical parameter values, Uy, m;, and m;, we split the solution into two parts, whether or

not the condition 1/ (a,,§) < 1 is met.

Condition 7/ (o,,¢) < 1 is satisfied:

Initially, to achieve a more concise formulation, we combine the odd and even parity

equations into a single general formulation. To do so, it is enough to recognize that
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tan (n + 7/2) = —cot (),
in such way that, we can combine Eqgs. (3.10) and (3.11) to provide:

1 2
mncufﬁijf)zam LI (3.13)

2 U
Also, we know that tan(n + (n + 1)7/2) — oo when  — nm /2. Therefore, due to
this asymptotic behavior, it is difficulty to elaborate an accurate and low-complexity analytical
approximation for tan(n), ¥n € R. Therefore, the approximation proposed in this section is

restricted for 1/ (a,,€) < 1, which is equivalent to say that tan(n) — +oc.

We start by applying the trigonometric identity:

tan? (1) = sec® (n) — 1

in Eq. (3.13). Thus,

soc? (77 N (n+ 1)7T> _ o2 &

2 7> amé

1+(¥1)2u—am]. (3.14)

Once we are considering only the cases in which 7/ (@) < 1, we can neglect the

term (1/ (amé))? (1 — o?,), yielding

2 (2
sec? (n+ (n+ 1)7/2) = Oé;;f :
then,
1
N+ M = arccos ) (3.15)
2 amé

Next, we expand arccos(¢) in a Taylor series, holding the first three terms, to obtain

arccos(¢) ~ /2 — ¢ — ¢° /6.

This approximation is accurate for ¢ < 1. From Eq. (3.15), we have that ¢ = 1/ (@,§).
Thus, the approach is accurate as long as 1/ (a,,¢) < 1. Replacing the approximation in Eq.

(3.15) and rearranging the terms, we have
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3
i 1 nmw

Rewriting Eq. (3.16) in the form ¢n® 4 bn+a = 0 and defining the constants a = nr/2,
b=[14+1/(amé)]and c = 1/(6a3,£?), we obtain a third-degree polynomial equation with one
real root and two imaginary roots. Solving for the real root, we get

Gy 2b

_ S 40 3.17
T =5, A (3.17)

where

o= \3/12\/3(27612 + 40%) + 108ac2. (3.18)

In the next section, we propose our solution for the cases in which the condition 1/ («,,§) <

1 is no longer met.

Condition 7/ (o,,§) < 1 is not satisfied:

When the condition (1/a,,§) < 1 is not satisfied, the third order Taylor series expan-
sions of arccos(¢) does not lead to an accurate solution. The most obvious approach would
be increase the accuracy by making use of higher order terms in the expansion. Nonetheless,
this would lead to a greater complexity in finding the roots of the polynomial. As an alterna-
tive approach, we proceed by expanding both sides of the Eq. (3.13) around a chosen optimal
point. Naturally, the accuracy of the approximate solution depends on whether the expansion
point is close enough to the exact solution, which varies accordingly to the different physical
parameters. Thus, instead of carrying out the expansion around a fixed point, we set a dynamic
€Xpansion point, 7.y, Which is a function of the these parameters, to assure that the relative
error of the approximation is as small as possible. As it will be shown next, 7, is obtained

from a mapping

M,, : Rt — R*

Y (3.19)

g — nexpan

where the subscript sy refers to the symmetric quantum well case. The mapped value obtained

from M, (§) is the dynamic expansion point, i.e., Nexpan = My (€). This approach allows for
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lower degree polynomials in Taylor series expansion, significantly reducing the effort on finding
the roots, while assuring great accuracy. In fact, as we will demonstrate later, a simple linear
expansion is enough to ensure high accuracy for the whole interval. In this work, we refer to
this approach as the Mobile Expansion Point Method (MEPM).

To establish how many terms are necessary in the expansion, a graphical analysis is
carried out. Hence, we start by defining functions for both sides of the transcendental equation.
For the specific case of the symmetric potential well, from Eq. (3.13), we set the left-hand side
(LHS) as Ly, (n) and the right-hand side (RHS) as R, (). Thus,

1
Ly, (1) = tan (n + @) n=1,2,3,..N,, (3.20)
52
Ry, (n) = aum ? -1, (3.21)

Next, we graphically analyze L, (1) and R,(n), as shown in Fig. (3.2). The points of

intersection between the curves are the roots of Eq. (3.13).

12 T f |

10 + ‘/‘ i i } . Rsy(ﬂ)

SN

s Ny

2+ | ! ‘ i i .
WANWAD an LAY f _

O i i i ! . . \‘/

/2 b 31t/2 21 51t/2 3n
n

Figure 3.2: Left-hand side (red curves), Lg,(7), expressed by Eq. (3.20) and right-hand side (blue
curve), Ry, (n), from Eq (3.21). The intersection between the blue and red curves yields the root of the

transcendental equation, Eq. (3.13), 77,,. The position £ corresponds to Ry, (1) = 0.
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By varying the physical parameters and analyzing the behavior of L,, (1) and R,(n),
we chose to carry out a parabolic expansion for L, (n) and linear expansion for R, (), both

around 7)y,,,- Then, for L, (1) we have

22 Ly (1) (119) ‘ 2 2 2
Lsy,app(/r/) = j' (n_nexpan)] = Cl+(1+C1)(T}_T}expan)+C1(1+€1)(n_nexpan) )
—0 :

where (; = tan(negpa, + (1 + 1)7/2).
Similarly, for R, (n) we have

1
Ry ()Y (1) »
Rsyyapp(n) = Z yfo(n - nexpan)] = €2 + €3(’I’} - nexpan)> (322)
j=0
where,
ngxpan - 52
<.2 — o\ ngxpan ’
am£§2
(3= : (3.23)
’ nexpan(’r}gxpan - 52)
Equating both sides and solving for the real root, we obtain
_ w1 + Vws + w3 (3 24)

Wo

where the constants wg, wi, wy and w, are given by

wo = 2¢; (1 +¢7)
W1 = Wollexpan — 1+ <3 - g??
wy =1 —=2(CF + 3+ 3¢T) + ¢,

ws = 4¢, (¢, + ¢1¢,) — 3¢1-

Fig. (3.3) graphically illustrates, for the fundamental state, the regions in which the so-
lution of the transcendental equation, Eq. (3.13), is obtained by the approximation for arccos(¢)
and by the MEPM.

In the next section, we discuss a simple way to build a proper mapping function to obtain

Nexpan = My (§), which is the cornerstone in our methodology.
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Figure 3.3: Illustration of the application regions of the approximation given by arccos and the MEPM

approximation for the ground state.

Building the mapping function M,

To build the mapping function M, (&), initially, we plot the fundamental state 7, as
function of . By inspection of Fig. (3.2), one can see that 1, tends to 7/2 as £ — oc.
Similarly, it is easy to see that the solutions to the higher-order states 7,, tends to nw/2 as
¢ — oo. Therefore, for the eigenvalues of Eq. (3.13), we have ,, € [(n — 1)7/2,nm/2)).
Hence, any function that approximates the curve for 7, (£) and whose limit tends to 7/2 under
the condition } (1 = Nexpan) /M } < e will work as a proper mapping function for the ground state
in our approach. Obviously, the proposed solution for 1, will demonstrate better agreement
when ¢ — 0. For the sake of clarity, we summarize the above discussion in mathematical
notation. In doing so, the mapping function for the symmetrical quantum well must meet these

two criteria:
Criterion 1 |(7,,(§) — My, (£))/n,(€)| < e for e = 0.1 with o, € (0.1,1), £ <&, = 20

Criterion 2 M, (§) — 5 when{ — ¢

max

where &, is the maximum value of ¢ in which the condition 1/ («,,,§) < 1 is not satisfied,

max

determined by the minimization of the relative error. Note that the mapping function does not

need to meet Criterion 1 for all £ values, but only for those under the condition £ < ¢ since

max?’
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we are dealing with the case where n/a,,{ < 1 is not met. The value of £ ., was defined

max
evaluating the overall relative error of our proposition. In addition, our experience indicates
that € does not need to be extremely small, given that the mapping function provides only a
pointer to the vicinity of the solution. Then, the following mapping function for the ground

state is proposed:

2
M.,y (&) = Vamé (1 = ;exp (— = )) 6 €R, (3.25)

Om

where coefficients a; are determined by minimizing the relative error. Hence, in order to obtain
the optimized a; coefficients, we employ nonlinear regression, with R-square 99.8%. Thus, for
1, (&) with m¥, = 0.067mg and m; = 0.11my, where my is the resting electron mass [75], [76],
we obtain a; = 2.45 and ay = 0.70. Nonetheless, we should point out that values for a; are
derived only as an illustration of our method. The final expressions for energy levels already
provide the optimized mapping function constants for a broader range of typical semiconduc-
tors physical parameters. Therefore, it is needless to re-define the mapping function for each

different application.

The exact solution for 7, (£) and the mapping function M, (§) are shown in Fig. (3.4)
for different masses ratios, expressed by the parameter o, = /m,/m;, exhibiting an excellent
agreement. Since ¢ is a function of m},, L,, and Uj, we demonstrate by this analyses that the

proposed mapping function is robust concerning the variation of the QW parameters.

In principle, for each energy level, it would be necessary to define a new mapping
function, which it is certainly impractical. However, taking advantage of the properties of the
trigonometric functions in the transcendental equations, we can employ Eq. (3.24) to compute
any energy level. To do so, we shift & and M, (¢£) by multiples of 7/2 to the interval of
interest to compute 7,,, i.e., shifting both £ and M, (§) to the interval ((n — 1)7/2, n7/2).
Since ¢ is greater than ), (see Fig. (3.2)) and M, (&) was defined for the ground state, i.e.,
limited to 7 /2, they must shift in the opposite direction to the interval ((n — 1)7/2,nm/2). To
obtain the smallest possible error, we propose a similar mapping function for even values of n,
only adjusting the coefficients a;. Proceeding as before, we obtain the mapping relation for all

allowed levels of the symmetric well:
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Figure 3.4: Solid colored curves represent the mapping function, Mj, (§), while symbols represent the

solution for the ground state, 1, (£), for different a2, values.

%(2 _ 67(1.455(n71)+1)/)\ _ 670.7/)\)’ n = 1’ 3,5, ...
M.y (&) = T, A —5/A _ _—15/A (3.26)
s+352—e —e M n=246,..
where, p(n) = (n — 1) /2. In Eq. (3.26), (n—1) is the discrete Dirac delta function (6(n—1)
returns 1 when n = 1 and 0 otherwise). The parameter A is just the value of £ shifted to the

interval of interest to calculate the respective eigenvalue. Thereby, keeping in mind that for each

interval of size /2 there is only one eigenvalue, we have

[(\/@)é(n_l)] £—p(n), n=1,3,5,..
E—pn)—Z, n=246,..

2

A= (3.27)

Through an inspection of the relative error for M, (£) we notice that «, has great
impact on the solution for the ground state 1,. Also from the Fig. (3.4), for £ < 7/2, the
tested values for «v,, impact more the curve shape for 7, (£) when ¢ — 0 than when ¢ — o0.
Nevertheless, the same analysis performed for the other energy levels does not show a strong
dependence of 7,,(£) on «,, for the assessed values. By means of this investigation, the term
(\/a_m)a(n—n in Eq. (3.27) when n = 1 leads to Eq. (3.25). Ultimately, to determine for
which value of ¢ the condition 7/ (a,,¢) < 1 no longer holds, we set the threshold value of ¢
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considering the minimization of the relative error for different values of physical parameters.
Finally, from Eqgs. (3.17) and (3.24), we write Eq. (3.28) that summarizes all possible
values of ), providing all allowed energy levels in a one-dimensional finite rectangular quantum

well:

Co/ (6¢) — 2b/Co, £z (3+2)n
wyt (w1 + Vws Fws), €< (%+2)7r

By analyzing Fig. (3.2), it is possible to determine the minimum condition for the

(3.28)

curves to intersect each other at the interval ((n — 1)7/2,nmw/2) for a given n. Hence, it is
straightforward that, for the n level, we have £ > (n — 1)7/2 in order to get an eigenvalue in
((n — 1)m/2,n7/2). In this way, replacing the expression for ¢ defined in Section (3.2.1), we
can determine the minimum width so that the symmetric well presents a bound state for the nth

energy level:
wh(n — 1)

L sy,min\N) = —F/—/————.
Wsy, () \/m

For instance, to build a symmetric quantum well with semiconductor parameters Uy =

(3.29)

0.3eV and m} = 0.067m, with at least 4 allowed energy levels, the minimum width obtained
by setting n = 4 in Eq. (3.29) 1S Ly sy min = 129.75 A. As it can be seen from Eq. (3.29), mj
does not alter the minimum length for a given energy level, albeit affects its magnitude. Another
important relation for engineering purposes is set between the energy level E,, and the width of

the well. Thus, combining Egs. (3.10) and (3.11), and using the relationship:

tan(n) + arct I\ _7
arctan arctan { — = =
1 ) =3

we can write

2h
2m* B,

w

LWsym,(En) -

(n _21)7T + arctan (am % _ 1)] . (3.30)

We readily point out that the expression obtained in Eq. (3.30) is similar to the result
from [77], except for the mass ratio parameter «,,, (included by the application of the boundary
conditions), which they do not take into account. As an example, consider the design of a
semiconductor structure with Uy = 0.5eV, m} = 0.067m and m; = 0.1my. As arequirement,

energy level 2 must be 0.2 eV. Through Eq. (3.30), we have Ly, 2(Es = 0.2eV) = 79.50 A.
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Finally, examining Fig. (3.2), we have that the number of states allowed in the sym-

metrical well is

Y = {—J 11 (3.31)

where | z| is the floor function defined as the first integer smaller than z (for instance, |3.37] =
3;|5] = 4) [78]. In the next section, we address the asymmetric quantum well case following

the same strategy developed for the symmetric case.

3.3 Asymmetric Finite Square Quantum Well

3.3.1 Theoretical Background

Fig. (3.5) shows a schematic illustration of an asymmetric rectangular quantum well
(ASQW), where the left barrier is lower than the right barrier. For this particular case, the

electrical potential energy can be written as

Ui, <0
U)=40, 0<z<L, (3.32)
U2, T > Lw

where U; and U, are the height of the left and right potential energy barrier, respectively, with
U, < Us.
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Figure 3.5: Schematic illustration of a typical asymmetric rectangular quantum well of width L,, poten-

tial barriers with heights U; and Us.

For regions I and III, the solutions for Schrodinger equation are of the form Wy (x) =
Chef® and W3(z) = Cse 3%, respectively, where C; and C3 are normalization constants. The

wave vectors are k1 = +/2m},(U; — E)/h? and k3 = \/2m},(Us — E)/h?, where mj; and

my, are the effective masses in regions I and III, respectively, and £ is the kinetic energy,
with E < Uj. In the same way, the solution for Schrédinger equation in the well is Wy(z) =
C cos(kez) + Dsin(kex),where C' and D are normalization constants and the wave vector is
ky = \/W Also, one can rewrite Wo(z) as Wqo(z) = Cysin(kyz + 6). Applying the

boundary conditions at z = 0 and x = L,,, after some algebraic manipulation, we obtain

§2
cot(d) = 33, 97; —1, (3.33)
cot (i +0) = —fi,,1 /% -1, (3.34)

with ¢; = (L, /h)\/2m5U1, s2 = (Ly/h)+/2m%Usand ¢ = kyL,. The ratios between the
effective masses are 32, = m* /mj, and p2, = m®, /m},.

Similar to the symmetric case, it is necessary to solve the system formed by two tran-
scendental equations, in order to find the eigenenergies of the asymmetric well. The energy

levels are given by
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ﬁ2
2m}, L2

EaSym = 4,03” n= 17 2a 3a '--Nasy> (335)

where ,, are the solutions obtained by solving the coupled Egs. (3.33) and (3.34), n corre-
sponds to the nth energy level of a set of N,, allowed energy levels and the subscript asy refers
to the asymmetric case. In the next section, we present our solution for Eq. (3.33) and (3.34),

based on whether the condition C,,« < 1 is satisfied, where we define C,,« as

Cmaxzmax{ 14 , 14 }
BimS1 HimS2

The reason for us to adopt this strategy defined by Ci,,.x Will be clarified in the next section.

3.3.2 Approximate Analytical Solution for ASQW

Once more, to obtain a general method for computing any allowed energy levels for a wide
range of physical parameter values, Uy, Uz, m},, m;, and m;,, we divide the solution in two

parts. In this case, the solution is based on whether the condition C',,, < 1 is satisfied.

Condition (', < 1 is satisfied:

Proceeding in the same way as in Section (3.2.2) and using the trigonometric identity

cot?(A) = csc?(A) — 1, we have for Eq. (3.33):

f = arcsin ( ) +tmw, t € Z. (3.36)

¥
Bms1
Similarly, for Eq. (3.34), we have

@+ 60 = mm — arcsin < ) ,m € L. (3.37)

Hn G2

Since ¢t and m are both integer numbers, then m — ¢ is also an integer number, thereby,
one can write n = m — t. Replacing Eq. (3.36) in Eq. (3.37) we have a general transcendental

equation for the asymmetric well:

( = nm — arcsin ( L2 ) — arcsin < L2 ) . (3.38)
Bmst o S2
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Employing a third order Taylor approximation, we have arcsin (¢) ~ ¢ -+ ¢> /6. There-

fore, the general transcendental equation is approximated to

dp®* +ep— f =0, (3.39)
where
1 1
d= + ,
66,1 6uiel
1+ = =
e= ,
BmS1 HinS2
f=nm. (3.40)
Solving Eq. (3.39) and choosing the real root, we have
=y - — (3.41)
<ID’rL - Xl 3dX1? *
where

2
Xi=A \/(2—2) + (3—2)3 + 2—2. (3.42)
Again, as discussed in the case of the symmetrical well, the solution is obtained in two
parts. The proposed solution for Eq. (3.38) is accurate if arcsin(¢) can be approximated to a
third order polynomial. Thus, we need to meet {¢/[3,,51, ¢/ l,s2} < 1, which implies that

max {p/f,,51, ¢/ tms2} < 1, leading to Cpax < 1. In the next section we propose a solution

for the cases where the condition C,x < 1 is not met.

Condition C,,, < 1 is not satisfied:

To combine Egs. (3.33) and (3.34) in a single expression for the transcendental equa-

tions, we employ the trigonometric identity:

cot () cot () — 1
cot () + cot (0)

cot (p +0) = (3.43)
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Replacing the terms cot () and cot(p + 6) in Eq. (3.43) for the Egs. (3.33) and (3.34),

respectively, and isolating the term cot (), we have

— B/ S~ 1y/S 1
= (3.44)
ﬁ VE -1+ /S -
To perform a graphical analysis, we define two functions of ¢ representing the left-

and right-hand sides of the Eq. (3.44). Hence, let L, () be the LHS of Eq. (3.44) and
R.sy (¢) be the RHS of Eq. (3.44). Fig. (5.5) shows the curves of Ly, () and Ry, (), where

cot

the intersection points ¢,, are the roots of Eq. (3.44). For the asymmetric well case, we have
¢, € [(n = 1)m,nm). Fig. (5.5) it also shows the position of ¢;. In our case, U; < U, implies
that ¢; < 3. Note that, for ¢ > ¢, the RHS of Eq. (3.44) belongs to the complex plane, C.

Therefore, the variable that determines the existence of a real solution for Eq. (3.44) is ¢;.

L I Las(©) ]
—R,,(®)
0 L -
[0)
D3 !
)
2r @ ]
4L 4
T 2 3n
¢

Figure 3.6: Left-hand side (blue curve), Ly, (), and right-hand side (red curve), Rqsy (@) of Eq (3.44).

The intersection between the curves yields the root of the transcendental equation, ¢,,.

Employing the same strategy developed in Section (3.2.2), we expand L, () and
R.sy () in a Taylor series around Pexpan - 1HUs, by means of a graphical analysis of Eq. (3.44),
shown in Fig. (5.5), we conclude that a simple linear expansion around ¢y, for both L, (¢)

and R, (¢) is enough to provide high accuracy. Hence, for L, () we have

Lasy,app (90) =+ (_1 - 62) (90 - <tDexpan)
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where € = cot ((pexpan ) By the same token, expanding R, () around ¢,y ,, , We obtain:

Rasy,app (90) =g+ hl (30 - Soexpan) )

where the constants are

_ L — 717
Y1+

_ ol 9l
Y1t 72

I=g(T2—Ty), (3.45)

h

with

vlzﬁm _17

2
Soexpan
<5

—— - 17
Qoexpan

72::“’771

2
I, — Y151
1= 2 2
Pexpan (§1 - @expan)

Y

2
S
I, — 1252 — (3.46)
Pexpan (§2 - ()Oexpan)

Next, we can write an approximation for Eq. (3.44) equating both sides and isolating

e—yg

S _ 3.47
g2 +hl+1 + ()Oexpan ( )

Pn =

It 1s worth mentioning that a linear approximation on both sides of Eq. (3.44) was
only possible due to our strategy of expanding transcendental equations around a movable point
described through the mapping function M, (c1). In contrast, in a conventional approaches,
a second order polynomial approximation for cot(y) around ¢ = 0 in Eq. (3.44) would result
in a 4th-order polynomial equation, making the solution very laborious, with no guarantee of

satisfactory agreement for the entire range of interest.
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Building the mapping function M,,

To determine the mapping function, we proceed just as before in the Sec. (3.2.2). Ini-
tially, we plot the fundamental state o, as a function of ¢;. From Fig. (5.5), it is seen that
@, tends to ™ as ¢; — oo. By the same token, from Fig. (5.5), the solutions to the other
eigenstates ¢, tends to nm as ¢; — o0, hence, ¢,, € [(n — 1)m, nw). Therefore, any func-
tion that approximates the behavior for ¢, (¢;) and whose limit tends to 7 under the condition
(91 = eapan )/ 1| < € will work as a mapping function for the ground state. Again, we sum-
marize this arguments in mathematical notation. For this case, the mapping function must meet

these two criteria:

Criterion 3 |(¢,,(s1) — Musy(s1))/0n(s1)| < € with e = 0.1, for 5,,, 1, € (0.1,1) and

S1 S Smax-
Criterion 4 M, (s1) — nm with ¢1 — Smax.

where ¢pax 18 the maximum value ¢; from which the condition C,.x << 1 is not met. Notice
that the mapping function does not need to meet Criterion 1 for all ¢; values, but only for those
under the condition ¢; < ¢y, concerning the case where Cy, << 1 is not satisfied. The value
of ¢max Was defined evaluating the overall relative error of our proposition. Again, € does not
need to be extremely small, once the mapping function provides only a pointer to the vicinity of
the solution instead of the solution itself. Then, the following mapping function for the ground

state is proposed:

2 4
Masy(gl) = bO — Zbl exp (—#) , bh z; € R. (348)

i=1

The coefficients b; and z; are determined by minimizing the relative error. To obtain the op-
timized b; and z; coefficients, we performed a fitting curve procedure by means of nonlinear
regression with the obtained R-square equal to 99.8%. To do so, we computed ¢, (1) for the
following parameters: m;, = 0.067mg, my; = 0.09m¢ and m;, = 0.15my where my is the
resting electron mass [75], [76]. For this set of parameters, we obtain by = 2.9, b; = 1.59,
by = 1.37, 21 = 1.42 and 2, = 6.69. As before, the values for b; and z; are defined only once

in the derivations steps of our method. Again, the final expressions for the energy levels will
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provide the optimized mapping function constants for a broad range of typical semiconductor’s
physical parameters.

To evaluate the accuracy of our proposed mapping function, we compare the exact solution
for ¢, (s1) and the mapping function M, (s1) with different masses ratios, expressed by the
parameter 32 = m},/ my,. As it can be seen in Fig. (3.7), the mapping function provides an
excellent agreement. In addition, since ¢; is a function of m; , L,, and U;, we demonstrate that

the proposed mapping function is robust concerning the variation of the physical parameters.

2.8

24

2.0

¢
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1.2 /

0 T 2n 3 4n
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Figure 3.7: Solid curves represent the mapping function, My, (<1), while symbols represent the exact

solution for the ground state, ¢, (1), for different 52, values.

Again, taking advantage of the periodicity of the trigonometric functions involved in the
transcendental equation, we can employ Eq. (3.48) to compute any energy level simply by
shifting ¢; and M, (1) by multiples of 7 to the interval where it is desired to compute ¢,,, in
this case shifting both to the interval [(n — 1)m, n7). Also, since ¢; is greater than ¢,, (see Fig.
(5.5)) and M, (s1) was defined for the ground state, i.e., limited to , these two factors must
shift opposite directions in order to reach the interval [(n — 1)7, n7). To minimize the relative
error, we propose a similar mapping function for n > 1, adjusting only the coefficients b; and
z;. Proceeding in the same manner as in the case n = 1, we obtain the mapping relation for all
allowed levels of the asymmetric well:

2.9 — 1.59¢ (VBn)s1/142 _ gz ~(V/Bn)ar/oo0

Masy(51) = (3.49)
s+ 5.79 — 15.13e~(1=9)/1.05 _ 9 g1e—(c1=9)/641 5 |
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where, s = (n — 2)m. Again, the optimized expansion point is obtained simply by setting
Pespan = Mgy (<1).

The limit value at which the condition C\,,x < 1 is not met was determined by min-
imizing the relative error against the numerical solution for the Eqgs. (3.41) and (3.47). This
analysis was carried out covering a wide range of physical parameters found in the semicon-
ductor heterostructures used in electronic devices.

As such, Eq. (3.50) summarizes all possible values of ¢,,, describing all allowed energy

levels in a one-dimensional finite asymmetric rectangular quantum well potential:

o = X1 — 3d‘;1, ¢1 =215+ (n—1)m, (3.50)

g + Pepans 1 <15+ (n =1,
Unlike the symmetric case, depending on the physical parameters, there may be no
solution for Eq. (3.44), i.e., an absence of bound energy levels in the asymmetric well. By
analyzing the graphical behavior of the curves L, () and R, (), we can determine the

minimum condition for which Eq. (3.44) allow a solution. To do so, setting ¢ = ¢;, we have

that a solution for the ground state exists only when

-1
U-
cot (s1) < (um Fj - 1> ¢ < 7m/2 (3.51)

Similarly, we can determine the minimum width of the well so the n-th energy level is

a bound state:

—1
h Us

Lwasymin(n) = ——— < (n — 1)m + arccot mt]— —1 , 3.52

waspin(1) = e € (1= 1)1 (u - ) (.52

From Eq. (3.44) we can also compute the exact width of the asymmetric well for a

given energy level E,,, a very useful expression for engineering design purposes:

LW (E ) = L nm + arccot En — ﬁmum\/Ul - En\/U2 - En
asy,n\Ln 2meEn VE, (6mm+,&mm>

(3.53)
Note that Egs. (3.52) and (3.53) are exact solutions without any kind of approximation
employed. Finally, we also express how many energy levels are allowed for a given asymmetric

quantum well with width L,,:
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-1
1 U-
Nosy = g ¢1 — arccot (um =2 1) + 1. (3.54)

If we set U, = U; in Eq. (3.52), it becomes Eq. (3.29), as expected. Also, if Uy = U;
in Eq. (3.51), there will always be at least the ground state. Additionally, U, = U; implies that
Nasy = Ny, since in this case we have ¢; = 2€.

As a final note, we mention that it is possible to use the expressions originally de-
veloped for the asymmetric quantum well to compute energy levels of the symmetric case by
setting U = U; . However, we cannot guarantee the same level of accuracy since the mapping

functions were optimized for each specific case.

3.4 Results and Discussion

3.4.1 Results for SQW

We start validating our expressions in comparison to the exact numerical solution. The
validation is carried out in terms of &, initially considering o,,, = 1. Indeed, since £ encompasses
the quantum well physical parameters, by contrasting our results with the exact solution, as
function of £ , we validate the proposed expressions for a wide range of quantum well structures.
Fig. (3.8) shows the odd mode eigenenergies E, 3, F5 and E7; as function of &, numerically
calculated (considered in this work as an exact solution) and using the analytical expression
given by Eq. (3.28). As can be seen, the proposed expressions offer an excellent agreement
with the exact solution. Fig. (3.9) shows the relative error of the odd-mode eigenenergies of
Fig. (3.8). The maximum error is less than 1%.

Fig. (3.10) show the even mode eigenenergies Es, Fy, Fg and Eg as function of £, numer-
ically calculated (symbols) and using the analytical expression proposed by Eq. (3.28) (solid
lines). Again, the proposed model displays an excellent agreement to the exact solution. Fig.
(3.11) shows the relative error of the even mode eigenenergies plotted in Fig. (3.10). As it can
be seen the maximum error is less than 1%.

In addition, to validate our solution for the symmetrical rectangular well, we used a

semiconductor structure with the following physical parameters Uy = 0.5eV, m} = 0.067mg,and
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Figure 3.8: Odd mode eigenenergies F, F3, F5 and 7 as a function of £, numerically calculated

(symbols) and using the analytical model proposed by Eq. (3.28) (solid lines).
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Figure 3.9: Relative error for the odd mode eigenenergies.

my = 0.11my, being these values typically found in realistic semiconductor devices (e.g., de-
vices employing AlGaAs heterostructres) [75]- [76], [79]. Fig. (3.12) shows the position of
the first three energy levels as function of the width of the well, L,,, obtained numerically by
solving Eq. (3.13), and analytically through our expression, Eq. (3.28). We obtained excellent

results, in fact, as it can be seen from Fig. (3.12), the curves are visually indistinguishable.

Fig. (3.13) shows the relative error of the proposed model in respect to the numerical
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Figure 3.11: Relative error for the even mode eigenenergies.

solution. The relative error is less than 1% for the three energy levels. Finally, to evaluate the
robustness of the model for different semiconductor structures, the relative error for different
effective masses ratio was also analyzed. Fig. (3.12) shows the relative error for the ground
state, F, ; , for o? = 0.25, 0.5, 0.75 and 1. For semiconductors devices, in general, my >
m. Hence, the range of analysis for m}, /m}, performed in this work, comprises most of the

practical cases in nanoelectronics and optoelectronics [75]. As depicted in Fig. (3.14), the
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Figure 3.12: Energy levels Ey 1, Egy 2 and Ey 3 as function of L.

relative error for all tested values of a?, is below 1%. Notice that, in Fig. (3.13), the relative
error curves for the levels 5 and Ej, 3 start from a certain length of the well L,, for which

the bound state do exist. These minimum length values can be calculated analytically by Eq.

(3.29).
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Figure 3.13: Relative error of our proposed model with respect to the exact solution are smaller than 1%

for energy levels E,, 1, Ey, 2 and Egy 3.
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Figure 3.14: Evaluation of our proposed solution regarding different electron effective masses in the
potential barrier and the quantum well. This ratio is expressed by 2, = m},/m}. All curves are for
the ground state, n = 1, and o2, = 0.25,0.35,0.50, 0.65, 0.80, 1.00. For all evaluated values of o2, the

relative error is below 1%.

3.4.2 Results for ASQW

In the same way, to check the accuracy of the analytical model for the asymmetric case,
we consider an asymmetric rectangular well with Uy = 0.2 eV, Uy = 0.5 eV, m;, = 0.085m,,
my, = 0.15my and my, = 0.3my [75]. Fig. (3.15) shows the position of the first three energy
levels of the asymmetric well as a function of the width L,,, obtained numerically by solving
Eq. (3.44), and analytically through our expression, Eq. (3.50). Again, excellent agreement is
obtained. Fig. (3.16) shows the relative error as a function of the width of the well. The relative
error for all energy levels evaluated is below 1%. The minimum values of L,, for £, » and
E,sy.3 can be calculated using Eq. (3.52).

Fig. (3.17) shows the relative error for the ground state for different values of 5%, =
m? /m}, and p2, = m? /mj, to investigate the accuracy of the expressions for different semi-
conductor structures. Note that the relative error for all cases addressed are below 1%, showing
that the expressions are capable of computing energy levels correctly, regardless of the semi-
conductor structure. Finally, Fig. (3.18) shows an analysis performed for the asymmetric well

model regarding the difference between the barriers heights, AU = Uy — Uy (Uy > Uy). Thus,
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it was possible to determine that the proposed solution provides a relative error of less than 1%

for the fundamental state, even in an unusual case when AU = 2.0 eV.
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Figure 3.15: Energy levels Fqqy,1, Eusy,2 and Eqgy 3 as a function of L,, for the asymmetrical quantum
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Figure 3.16: Relative errors of our proposed model with respect to the exact solution are smaller than

1% for energy levels Eqgy 1, Eqsy2 and Eqgy 3.
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Figure 3.17: Evaluation of our proposed solution regarding the electron effective masses ratios between
the potential barrier and the quantum well. This ratio is expressed by 32, = m} / mj;, and p?, =
mi,/mj,. Relative errors for the ground energy level, n = 1, for all evaluated values of 32, and 2, are

below 1%.
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Figure 3.18: Evaluation of our proposed solution regarding difference in barriers height. For all evaluated

values of Uy — U the relative error is below 1%.
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3.5 Comparison Between Symmetric and Asymmetric Solu-

tions

Concerning the accuracy of the model, an important question that arises is if the solution
originally proposed for the symmetric well can be used for asymmetric well. To address this, we
evaluate the relative error of the solution proposed for the symmetric quantum well employed
in the asymmetric quantum well. Specifically, we evaluate the solution as a function of the
quantum well width, for a set of the difference between the barriers heights (AU = U, — Uy),
the results are consolidated in Fig. (3.19).

As it can be seen from Fig. (3.19), for a quantum well with L,, = 40 A and a small asym-
metry of 0.2 eV, the relative error is higher than 10%. Therefore, depending on the accuracy
level required and the amount of asymmetry, it is more advantageous to use the model proposed

for asymmetric quantum well than the symmetric version.
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Figure 3.19: Evaluation of the solution proposed for the symmetric quantum well employed in the asym-

metric quantum well, regarding difference in barriers height, Uy — Uj.

In this Chapter, we presented a novel method to calculate energy levels in quantum
wells, addressing requirements in semiconductor device compact modelling. Our approach is
based on a Taylor series expansion technique around a variable optimized expansion point,

obtained by mapping functions, to find the roots of transcendental equations. We highlight



65

that this approach is a general method that can also be applied in other problems involving
transcendental equations. The Appendix contains a step-by-step tutorial with instructions on
how to apply the method to solve other transcendental equations.

By using the analytical expressions for the position of the eigenenergies in the finite rec-
tangular quantum well developed in this chapter, one can now develop then the Breit-Wigner
expression in a purely analytical and explicit form.

The model described in this chapter is summarized in reference [80]. In addition, a different
method for determining the energies of rectangular quantum wells was published at [81].

In the next chapter, we outline the charge transport dynamics in RTDs.
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Chapter 4

Charge Transport in Resonant Tunneling

Diodes

This chapter initially introduces the fundamentals of electronic transport dynamics in RTD:s.
Specifically, we highlighted the origin of the negative differential resistance (NDR) in the de-
vice. Next, the pioneering Tsu-Esaki transport formalism is outlined [31]. We also discuss the
popular Schulman’s empirical analytical model [82]- [83]. Finally, we discuss the relevant

scattering mechanisms present in RTDs.

4.1 Introduction

Fundamentally, the RTD consists of a heterostructure forming a region of double potential
barrier, as schematically illustrated in Fig. (4.1). The quantum well width is small enough
so that to allow spatial quantization effects. Consequently, the electron momentum in the
direction perpendicular to the potential barriers becomes quantized, producing a sequence of
two-dimensional subbands associated with the eigenstates, |k), in the quantum well region.
Therefore, there is a two-dimensional (2D) density of states in the quantum well [51].

As illustrated in Fig. (4.1), the energy level E; corresponds to the lowest resonant energy
level in the quantum well. As shown in Chapter 2, the transmission coefficient profile has a
peak at £;. In fact, the transmissivity is unitary when barriers are identical. In addition, there

is a finite lifetime, 71, associated with this energy level. Consequently, £; has an associated
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Figure 4.1: Top: Schematic illustration of the RTD layer structure. Botton: Schematic of the conduction

band profile containing the double potential barrier region. Er refers to the Fermi energy level.

resonance linewidth, I';. The resonance linewidth is inversely proportional to the lifetime i.e.
oc h/71 [53]. As seen earlier, depending on the geometrical parameters, the well can have

higher energy levels with their respective resonance linewidths, I';, where ¢ accounts for the

i—th subband.

As shown in Fig. (4.1), the double barrier structure is surrounded by layers of strongly
doped (n-type) GaAs acting as low resistance emitter and collector contacts. With applied bias
to the emitter and collector contacts, the emitter Fermi energy level is eventually aligned with
the resonant energy level, F1, in the well. Under this condition, a large current density flows
through the barriers due to the increase in the transmission coefficient i.e., a greater number of
electrons flow from the emitter region to the collector region. Under higher voltage conditions,
the well resonant energy level is below the Fermi energy level, thereby suppressing the supply
of electrons. As a result, a sharp decrease in current density occurs. In addition, as a direct
consequence of increasing applied voltage, the NDR region emerges, as shown in the I-V curve
in Fig. (4.3). Moreover, with more than one resonant energy level in the well, additional peak
and valley regions will be present in the I-V characteristic curve [61].

The electron experiences a change in dimensionality when crossing the potential barriers.
Specifically, the dimensionality changes from the three-dimensional state density (3D), in the

emitter region, to the two-dimensional state density (2D), in the quantum well region, 3D—2D.
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Figure 4.2: Conduction band profile of a typical RTD. Part (a) shows a schematic of the conduction band
in absence of applied voltage and part (b) at the resonance condition. Part (c) illustrates the contribution
of inelastic processes. Part (d) illustrates the off-resonance condition and the thermionic contribution to

the current density.

To elucidate this mechanism, Fig. (4.4) contains a schematic illustration of the conduction band
profile in the x-direction, in the absence of an applied bias. Also, Fig. (4.4) shows a schematic
illustration of the emitter Fermi sphere in k-space, at low-temperature limit. In the equilibrium
condition, as it can be seen in Fig. (4.4-b), the wave vector k, is equal to k. In other words,
the resonant energy level is outside of the emitter Fermi sphere. Therefore, in this condition,

there is no resonant current through the potential barrier [51].

As discussed in Chapter 2, quantum tunneling occurs at resonant energy levels. In the
example illustrated in Fig. (4.5-a), this process is indicated by the green arrow. As it can be

noted, there is an emitter electron with kinetic energy F coincident with the resonant energy.

The resonant current is composed mainly of electrons with energy within the resonant en-
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V,(V)
Figure 4.3: The I-V characteristic curve of a RTD. J,, and J, are the peak and valley current density,

respectively. V}, and V,, account for the peak and valley voltage positions, respectively. Additionally, it is

possible to identify in the figure the corresponding regions, (a), (b), (¢) and (d), illustrated in Fig. (4.2).
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Figure 4.4: Part (a) shows the conduction band of an RTD in thermodynamic equilibrium. The resonant
subband F is illustrated in the well above the Fermi level. Part (b) shows the Fermi sphere of the
emitter and the quantum well wavevector position, kK, = kj. In this condition, ideally, there is no

resonant current.

ergy width, I';. Also, the resonant current is proportional to the disk area in k-space, A, which
results from the intersection between the Fermi sphere with the plane parallel to the interface
x — y, sectioning the sphere at the point k, = k}. Thus, any electron with a parallel wave

vector component obeying the relation: k; € A contributes to the resonant current density [51].
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Figure 4.5: Part (a) shows the RTD conduction band under applied voltage V. Electrons with energy
E (resonance energy under applied external voltage) tunnel through the resonant subband in the well.
There is a slight possibility of electrons with energy E> tunnel through the potential barrier. Electrons
can overcome the potential barrier by thermionic emission, process depicted by electrons with energy Fs.

(b) shows the emitter Fermi sphere, sectioned by the plane parallel to the barriers at the point k,, = k.

This process is illustrated in Fig. (4.5-b). In addition to the transport through resonant energy
levels, other mechanisms also contribute to the current density. For instance, an electron with
energy below the resonant level can absorb a phonon and, sequentially, tunnel through the res-
onant level [51], [53]. Similarly, an electron with initial energy greater than the resonant level
can interact with the lattice vibration emitting a phonon and tunneling through the resonant
level. Additionally, electrons with sufficiently high energy can overcome the potential barriers
through thermionic emission, as it is also indicated in Fig. (4.5-a). Also, there is still a minor
but non-zero probability that electrons with kinetic energy different from the resonant level can
tunnel because of the broadening of resonant energy level. This mechanism has an important

contribution to the valley current, by electrons with energy Fj, as illustrated in Fig. (4.5-a).

As argued by Luryi [32], during quantum tunneling the kinetic energy is conserved, leading
to F3p = Eyp [32]. Fig. (4.6) contains a schematic illustration of the RTD conduction band

and the density of state in each region.

Considering the effective mass approximation, the total electron energy, at the emitter con-

tact, can be written as
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Figure 4.6: Top: A schematic illustration of the double potential barrier structure. Bottom: The figure

shows the density of 3D states in the emitter and collector and the 2D density in the quantum well.

h2]€2 thQ
Bsp = Bo + —=% 4+ —1,
2m* 2mﬁ

4.1)

xr
the plane wave vector, parallel to the barriers, is & = /kg + k2, where m is the electron
effective mass in the z-direction. The mﬁ term refers to the electron effective mass in the
parallel plane. The term E represents the bottom of the conduction band.

The total energy in the quantum well is given by

ki

om:’
Il

where FE, is the energy associated with the n-th subband in the quantum well. As discussed
earlier, during quantum tunneling, there is a dimensionality reduction, but the electron tunneling
do not perceive any potential change in the parallel y- and z-directions. In other words, the
momentum in the parallel plane is conserved [32], [S1]. However, the momentum in the x-
direction, in the quantum well, is quantized.

For instance, consider F| (for n = 1 under applied bias), tunneling is only possible for
electrons possessing momentum satisfying k, = k}. Hence, by equating Eqs. (4.1) and (4.2),
we have k2 = 2m} (E, — E¢)/h*. Therefore, for Ec = Ej, corresponding to k] = 0, the

electric current density reaches its maximum value [51].
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Carrier scattering mechanisms arise from crystal lattice vibrations, impurities, interface
roughness, and carrier-carrier interactions. Thus, many scattering events can take place dur-
ing the tunneling process. Also, impurities in the quantum well can generate additional states in
the well, working as traps for the conducting electrons, thereby affecting the I-V characteristics.
Finally, in addition to the processes described above, there are also the hysteresis effects caused
by the intrinsic and extrinsic bistability of the device. These processes can significantly affect
device properties, making it difficult to develop a model to accurately reproduce experimental

data [51].

One of the first experimental investigations of resonant tunneling in double barrier semicon-
ductor heterostructure was carried out by Chang, Esaki and Tsu, in 1974 [84]. When investi-
gating an RTD device formed by the GaAs/Aly ;Gag 3As material system, the authors observed
small peaks in the output current around the quantum well eigenenergies position, character-
izing the resonant tunneling process [84]. However, the investigation was conducted under a
low-temperature regime. The difficulty in clearly observing the NDR in RTDs, as compared
with Esaki diodes, is due to the challenge in achieving low concentrations of unwanted impu-
rities with the technology available at that time. Only after the 1980s, the quality of epitaxial
growth improved significantly, making it possible to observe resonant tunneling in epitaxial

layers of the III-V materials group.

For most applications, NDR devices should have a high peak current and a low valley cur-
rent. Therefore, a figure of merit for RTDs is the peak-to-valley current ratio (PVCR), which
is the relation between the resonance peak current and the valley current, as illustrated in Fig.
(4.3).

In this context, one of the first observations of the NDR region in RTD, at room temperature,
was reported in 1985 [85]- [87], for a device composed of GaAs/AlGaAs heterojunctions. For
this device, an approximate PVCR of 4:1 was measured. With the maturing of the epitaxial
growth technology, it was possible to manufacture devices with better performance, such as
using the InGaAs/AlAs material system [88], where the PVCR is in the order of 30:1 at room
temperature and 60:1 at cryogenic temperature [89]. Additionally, resonant tunneling has also
been observed in many other material systems, e.g., GaAsP/GaAs [90], InP/InGaAs [91], p-type
GaAs/AlGaAs [92], AlISb/InAs [93], HgTe/HgCdTe [94], Si/Ge,Si;_, [95]- [96], amorphous
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a-Si/SbN, [97], AlGaN/GaN [98], Graphene Nanoribbon RTDs [99]- [100] and, more recently,
GaN/AIN [101].

4.2 Quantization in RTDs

For the semiconductor heterostructure present in RTDs, one can describe the conduction

band quantization by solving the three-dimensional Schréedinger equation given by

H[U(x,y,2)) = E[¥(,y,2)), (4.3)

where |¥(z,y, 2)) is the eigenstate of the system wave function and H is the Hamiltonian
operator written in terms of the kinetic energy operators K, and the electron potential V, as

H = K + V [1]. Assuming quantization in the z-direction, one can write

o 1 0 h?

2 0zm*(z) 0 2mj;

V2 4+ Vep(x)| U (r,2) = EV (r, ), (4.4)

where m*(x) is the electron effective mass in the z-direction, perpendicular to the interface
while mﬁ represents the electron effective mass parallel to the interface. The term r is the
position vector parallel to the interface and V (r, ) is the wave function.

Assuming W (r, x) varies slowly with respect to the dimensions of the crystal unit cell, the
eigenvalues of the Hamiltonian operator are the system energy levels [53]. Then, assuming an

parabolic energy approximation, we can write m*(x) as a constant m?:

1 1B(k)

mr R2 Ok2

(4.5)

In Eq. (4.4) V.s(x) is the approximate effective potential, considering the isotropic crystal

and ignoring the stress at the heterostructure interface, we have

Vi) = 258 v @) v, o), @6)

where A E¢ is the discontinuity in the conduction band caused by the joining of materials with
different bandgaps, and V' () is the Hartree term. The exchange correlation term among the

free carriers is V. (x) [53].
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The Poisson equation is given by

= (rw4 ) v =2, @.7)

where k () is the dielectric constant as a function of the position and p () is the charge density
in the structure.

Assuming that the variation of the electric potential occurs only in the x-direction, it is
possible to solve Eq. (4.4) using the method of separation of variables. To do so, one can write

VU (r,z) = ©(r)Y(z), considering ©(r) as a plane wave:

U (r,7) = O(r)T(z) = %a’k'rrn(z), 4.8)

where A is the normalization factor obtained by

(O(r)[0(r)) = / 0" (r)O(r)d?r — 1. 4.9)

In the x-direction the one-dimensional Schrédinger equation is

R? d?
{_ 2ms 2z

+ ‘/ef(x):| Y(z) = E,Y(x), (4.10)

we can write the total kinetic energy as

ki

E, . =FE, )
| + 2mﬁ

As usual, the density of ionized donors is given by

Nd<l’)
+ —
Ni (@) = T cEe Bt (4.11)

where Ny(z) represents the density of impurities donors and ¢ accounts for the degeneracy
factor. For fermions, by the Pauli exclusion principle, we have g = 2. Also, £, is the donor
energy level, E'r is the Fermi energy level and kg is the Boltzmann constant. The electron

density can be found through the relation

n; = /OOD(E)f(E) dE, (4.12)
0
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where D (FE) is the density of states and f (F) represents the Fermi-Dirac statistics:

1

J(E) = 1+ exp[(E— Er) /kgT)’ (4.13)

for a two-dimensional system, the density of states is given by
D(E) = ﬂ, (4.14)

wh?
replacing Egs. (4.13) and (4.14) in Eq.(4.12), one obtain
n; = ] /OO ! dE. (4.15)
mh? Jg, 1+exp[(E — Er) /ksT)|

Thus, for quantized heterostructures once the subbands have been determined, the free elec-

tron density distribution n(z) can be calculated through the expression

:ZT;@;) Z|T ) s, (4.16)

replacing Eq. (4.15) in Eq.(4.16), yields

n(x) k; TZ\T )P In [l +exp (Ep — E;) /kgT)] (4.17)

The charge density can then be written as

p(r)=—e(Nj () = N, () —n(z) +p(2)), (4.18)

where e is the electron elementary charge, IV, (x) is the ionized acceptors density, n(z) is the
free electrons density, given by Eq. (4.16), and p (x) the hole density. In the n-type devices in-
vestigated in this work, we can neglect p (), since it is very small compared to the other charges
in Eq. (4.18). Additionally, the energy in the i-4 subband E;, and its respective wave functions
T;(x) are obtained by solving Eq. (4.4). Therefore, the Schrodinger and Poisson equations
form a system of coupled differential equations, which is usually solved self-consistently.
However, in this work, to obtain an analytical model, we assume a low charge density in the
quantum well region. Thus, we neglect the Hartree, V' (), and the correlation, V. (), electric
potential terms. With these considerations, determining the eigenenergies in the finite quantum
well becomes a one-dimensional problem already addressed in Chap. (3), where an original

analytical solution is provided.
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4.3 Tsu-Esaki Carrier Transport Formalism [31]

This section describes the pioneering current density formalism proposed by Tsu-Esaki in
1973 in [31]. Originally, the authors considered a finite superlattice formed of N potential bar-
riers composed by the GaAs/Alj 5Gag 5 As heterostructure [31]. In this formalism, the coherent
transverse transport of electrons is considered, i.e., it is assumed that the electron coherence
length is of the order of the structure width, including the barriers. Thus, it is considered
that the electron traverses the potential barriers without loss of phase coherence (purely elastic
collisions) [31]. Additionally, in the Tsu-Esaki formalism, the following considerations and

simplifications are assumed [31], [58]:

1. Conservation of transverse momentum during tunneling;

2. Electric field evenly distributed in the structure;

3. Space charge formation across the structure is negligible;

4. The existence of load sources or sinks along the structure is disregarded;
5. Effective mass approximation;

6. Current density is composed of electrons;

~

. Rectangular potential barriers;

For the RTD illustrated in Fig. (4.1), as discussed previously, it is possible that electrons in
the emitter region tunnel into the collector region through the double barrier. Likewise, there is
a possibility that electrons in the collector can tunnel into the emitter region through the barriers.

Considering the effective mass approximation, one can write

IR A U R
C2m* T 2mi o 2my 0 2my)

E (k)

where the wave vector is k =k, x+k,y+k.z . As discussed in the section (4.1), the conservation
of the parallel moment is assumed. Then, one can write k| = k,=k,y+k.z. Taking the bottom

of the conduction band as a reference (E¢ = 0), the total kinetic energy can be written as
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K22 h%ﬁ
Ek)=E,+E =—2+ ,
(k) + by 2m: " 2m

(4.19)

The current density in the RTD can be written as the difference between the current density
flowing from the emitter to the collector, .J; ., z and the current density from collector to emitter,

Jr_1. Thus, the current density in the RTD is

J = JL*}R - JR‘?L'

Taking into account the perpendicular velocity of the electron, v,, the transmission proba-
bility coefficient T, the density of states (DOS) in the emitter and collector and the Fermi-Dirac

distribution, f (k), one can write

dJpr = —ev, (k) Dy (k)T (ke, Vi) fi (&) (1 — fr (K))dk, (4.20)
et = —ev, (k) Drlke)T(ks, Va) fre (k) (1 = 1 (K))dks,

where the terms (1 — fz (k)) and (1 — f1 (k)) represent the number of states available in the
collector and emitter, respectively.

The density of states D(k,) is given by

D(k,) = /0 /0 Dk, by, k2 )by, 421)

where D(k,, k,, k.) is the three-dimensional density of states in k-space. For simplicity, con-
sider the free electron in a cube of side L, thus, the quantization steps for the three directions

arc

27
Ok, = 0k, = Ok, = T
in k-space, the 3-D density of states can be written as
1 1 2
D(ky, ky, k) =2 = (4.22)

0k, 0ky0k, L~ (21)°

where the factor 2 in Eq. (4.22) accounts for the Pauli exclusion principle.
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The group velocity of electrons in the semiconductor can be written as v, (k) = + V, E(k).

For the one-dimensional case, the velocity x-direction is

=200 L0 () M

h 0k,  hok,
in addition, one can take advantage of the relation: v,dk, = %dEz. Then, one can write Eq.

(4.20) as

, (4.23)

* *
2mk mk

Y — / / Gk T Vi) .00 (1~ f W)idE,  (424)

h

N / / bk T Vo) 001 - ()~

dE,, 4.25
n (4.25)

rearranging

AJtn= / / T(E,, Vo) f1 (E) (1 fr (E))dE,dkydk..

dJR—>L =

e o0 o
—47T3h/0 /0 T(E., Vo) fr (E) (1 = fr (E))dEydk,dk..

The total current density is

J = Jon—Juas = — ;h/ T(E,.V,) dE/ / () (1 = fr (E))dkydk, +
e o
g | e, [ [ ) 0 )i,

finally, rearranging

J:4;3h/ T(E,,V, dE/ / [f1 (E) — fr (E)) dk,dk.. (4.26)

The integration in energy E, goes from 0 to oo because electron tunneling below the bottom
of the conduction band falls into the bandgap. In addition, the tunneling is considered to be
symmetric, accordingly, T(F,) is the same for left-to-right as well as right-to-left incident

electrons.
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Starting by making a change of coordinates, from Cartesian to Polar, and knowing that

kydky = %dE”, one can write

/ / [fr (E) — [r(E)]dkydk, = / K [/ (E) — fr(E)] kydkjde, (4.27)

= 27T§ i [fL( ) — fr(E)]dE).

Combining Eq. (4.27) and Eq. (4.26), yields:

em‘*‘

T = 5o /OOOT(E@,,VQ) UOOO [, (E) = fr(E)] dE”] dE,, (4.28)

em oo o 0
J = 2W2h3/0 T(E,,Va) [/0 Jr (E)dEH —/0 fr (E)dE} dE,,

for the emitter and collector, the Fermi-Dirac statistic is f7, (F) and fr (£), respectively, being

described as:

1

fL (E) B 1 + exXp [(Ex + E” — EF> /kBT} ’ (4'29)
fa(E) = : (4:30)
R ~ 1+exp [(Ea;—I—EH —(EF—GV;) /k‘BT]’ '
knowing that
dy B 1
/ e (1 +eXp(—y)> ho
one gets
/oo Jo(E)dE = kgTIn[1 +exp ((Ep — E,) /ksT)], (4.31)
0
/OO fR (E) dE” = k‘BTlIl []. + exp ((EF — Ex — 6%) /k’BT)] s (432)
0

where K is an arbitrary constant. Substituting Eqs. (4.31) and (4.32) in Eq. (4.28) and perform-

ing some algebraic manipulations, finally, one obtains the Tsu-Esaki current expression [31]:
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emikgT [o° 1 Er— E) /krT
1B +exp(( F z)/ B )
J=—1"" [ T(E, V)l dE,. 433
Om2h3 /0 ( ) In {1 T exp ((Ep — E, — eVy) JkgT) (4.33)

Originally, Tsu and Esaki used the transfer matrix method to calculate the transmission
coefficient T'(E,, V) for the N-barriers case. Therefore, in principle, the current density in the
Tsu-Esaki formalism must be calculated numerically. Also, when proposed, the formalism of
Tsu and Esaki [31] did not consider the difference in the effective mass of the electron in the
different semiconductor layers, barriers and the well. Such analysis was carried out later, in

1998, by Schulman in [83].
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Figure 4.7: 1-V curve obtained experimentally and numerically by using the formalism of Tsu and
Esaki [31], for a double potential barrier RTD, with L; = 85 formed by the alloy Al 35Gag ¢5As, and
the quantum well formed by GaAs with L,, = 50 measurements, the curves were obtained with 7" = 77

K [102]

Fig. (4.7) shows a comparison between the I-V curve obtained experimentally [102] and by
the Tsu and Esaki formalism for a double potential barrier RTD. The Al 35Gag g5As barriers
have a width of 85 A, while the GaAs quantum well is 50 A wide. The curves were obtained
at 77 K [102]. As it can be seen, there is no agreement between the current density calculated
from the Tsu-Esaki model and the experimental curve. The peak and the valley voltage bias and
the PVRC do not agree with the experimentally measured values. The peak and valley current

density calculated using the Tsu-Esaki model is ten times higher for the measured peak and
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three times smaller for the measured valley [102]. This discrepancy is because the model does
not take into account the inelastic phonon scattering mechanisms present in RTDs, and the accu-
mulation and depletion regions formed in the emitter and collector regions, respectively. [103].
Additionally, in the experimental curve, it can be noticed a voltage range where the increase
of the applied voltage does not cause significant variation in the current density, appearing as a
"shoulder," a plateau. This effect is mainly due to the intrinsic and extrinsic bistability present
in bulk RTDs [104] - [106]. Finally, the Tsu-Esaki original model also fails because it does
not consider the voltage drop in the GaAs well region, assuming a constant voltage drop in the

barrier region. Thus, the model erroneously predicts the first resonance peak at eV, = 2F) [31].

The Tsu-Esaki model correctly predicts the general shape of the I-V curve, encompassing
the current peak and valley and, consequently, the NDR range. However, due to the simplifi-
cations and approximations assumed, it completely fails to describe the current density in real
RTD devices [58]. Several models have been proposed in the literature to address these inac-
curacies [51]. Among these, models modifying the Tsu-Esaki formalism to derive analytical

expressions as well as models based in numerical approaches.

In general, numerical models can take into account effects generally neglected in analytical
models, such as inelastic scattering effect, non-parabolicity of the band diagram, space-charge
builf-up, self-consistent calculations, interface traps, among other considerations [51]. Among
the numerical models found in the literature one can mention models based on non equilibrium
Green’s function (NEGF) [107]- [109], Wigner transport equation [110]- [112], Bhom’s formal-
ism [113] and method based on the R-matrix formalism [114]. Among the models mentioned,
those that present lower computational effort albeit still providing excellent agreement with ex-
perimental data are the models based on the NEGF formalism and the R-matrix, since, in gen-

eral, the Wigner-Eisenbud [115], and Bhom formalisms rely on Monte-Carlo techniques [112].

In this context, G. Klimeck, using NEGF, developed a device simulator called NEMO (Nano
Electronics Modeling Tools) capable of describing the I-V characteristics of nanodevices [?].
The nanoHUB.org [116] is an OpenSource tool that employs a free NEMO version. The site
provides free nanoscale transport simulation programs that run in the cloud and are accessible
through a standard web browser [116]. In addition to NEMO, there are commercial TCAD

(Technology Computer-Aided Design) platforms for simulating quantum devices, such as Sen-
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taurus from Synopsis® and Atlas from Silvaco® [117]. These tools are very useful for vali-
dating compact analytical models.

Numerical simulations accurately describe the physical behavior of manometric scale de-
vices [51]. However, it is necessary to deal with the complexity of numerical codes, very long
simulation times and stringent requirements for memory storage and computational capacity. In
addition, the results are often difficult to interpret.

For engineering purposes, compact analytical models are desired, as they capture the most
relevant physical mechanisms governing the carrier transport in quantum devices, in a simple
and fast way, being a useful tool for circuit design. In this regard, most models are focused on
SPICE implementations, therefore relying on purely empirical fitting parameters [118]- [122].
They are essentially behavioral device models, suitable for circuit simulation but unable to pre-
dict the relationship between the RTD layer structure and its electrical output characteristics, a
crucial step for device optimization. Such predictive capability is the domain of physics-based
models. However, the literature concerning physics-based models for RTDs is quite limited. In-
deed, the most well-known physics-based analytical model for the I-V characteristics of RTDs
is the model proposed by Schulman and co-workers [82], which was recently revisited by [123].
The next section describes the analytical formula for current density in double potential barrier

RTDs proposed by Schulman [82].

4.4 Schulman’s Model [82]

In 1986, Coon and Liu [124], proposed a model, based on the Tsu-Esaki formulation, for
the negative resistance at the temperature limit 0 K. Later, in 1993, Chang et al. [118], starting
from the expression proposed by Coon and Liu, replaced the original physical parameters by
fitting parameters, which allowed to extend the formalism to cover room temperatures. In 1995,
Yan et al. [120], proposed a fully empirical model in which the I-V curve characteristic of the
RTD is divided into three parts: before the peak voltage, from the peak voltage to the valley
voltage and beyond the valley voltage. Yan ef al. model is completely empirical, not based
on device physics. Finally, in 1996, Schulman proposes to modify the Coon and Liu model,

including the essential characteristics of non-zero temperature and the Fermi-Dirac statistic. In
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the article [82] Schulman derives an analytical expression for the voltage-current characteristic
of the RTD based on Tsu-Esaki formalism [82].
Schulman starts by proposing to compute the transmission coefficient T'(E,, V), originally

calculated using MMT, by using the Breit-Wigner approximation (derived in Chapter 2)

(Fn/2)”
(Fn/2)2 + (Ex - En)2’
where I',, and E,, accounts for the n—t4 level resonance linewidths and resonant energy in the

T(E;, Vo) =

(4.34)

well, respectively.

Calculations show that I',, is of the order of a few meV/, even for thin barrier widths [125],
which is much less than kg7 for room temperature. Schulman noticed that, for small I',,, the
transmission coefficient becomes negligible, except when the kinetic energy E is close to the
resonant level F,,. Thus, Schulman proposed the approximation £, = E, — eV, /2. In doing

so, the logarithmic term in Eq. (4.33) can be placed outside the current integral to provide:

T ; E, — %
5 + arctan Fn/2 .
(4.35)

_ emjkpTT, ) 1+exp ((Er — E, +¢€V,/2) /kgT)
2 | T oxp (B — B, — oV,/2) fhsT)

Schulman states that the Eq. (4.35) contains device parameters which can be used as fitting

parameters. To fit with experimental data, Schulman proposed:

1+exp((B—C+nieV,) /kgT) | [« C —nieV,
— Al — — )l @
NVa) = Al T B = —mevi2) kT | |2 T 2Ctan D  (436)

2
where the physical parameters in Eq. (4.35) are replaced by fitting parameters:

em‘*‘ kgTT,,

127 = A Er=B, E,=C, andl',/2= D
7

Eq. (4.36) accounts for the resonant peak current, but it is not capable to reproduce the
exponential part of the I-V characteristics. To address this problem, an additional term based

on conventional diode current-voltage equation is added to Eq. (4.36):

Jo (Vo) = H (emVe/FnT — 1)
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Then, Schulman’s final expression becomes J (V,) = J; (V,,) + J2 (V,):

B 1+exp((B—C+mneVy) /kgT)
J(Va) = Aln {1 +exp (B —C —mnyeV,2) /kgT)
™ 1 [ C —nqeV, —
X [E + tan~! (T)} + H (emVe/msT — 1) (4.37)

where H, ny and n; are fitting parameters.

We should point out that the expression is originally not fully analytical since the resonant
energy levels are computed numerically. Additionally, Schulman assumed that quantum tunnel-
ing is purely coherent, which is not true in realistic devices. Furthermore, Schulman admitted
that the resonant energy levels drop by half the applied voltage (E,, — eV, /2), which is also not
always valid, mainly due to the space charge regions. Despite this, the expression derived by
Schulman provides the correct lineshape of the resonant current-voltage characteristic.

In [82], Schulman contrasts the model with the experimental results from a RTD composed
by the undoped Ing 53Gag 47As/AlAs hetrostructure with barrier width of 26 A, quantum well
width of 48 A and spacer layers of 265 A. Fig. (4.8) shows a schematic illustration of the RTD
considered by Schulman in [82].

Barrier Quantum Well Barrier
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26 A 48 A 26 A
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AlAs

AlAs
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Ec
Figure 4.8: Schematic illustration of the device investigated by Schulman in [82].
Fig. (4.9) shows the experimental current density compared to the result provided by the

Schulman model. In particular, the fitting parameters used in this validation are; A = 10?,

B =10.035,C =0.1472, D = 0.0052, ny = 0.115, H = 0.1411 and n, = 0.1201. As it can be
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seen in Fig. (4.9), there is a good agreement. The plateau present in the experimental curve is
associated with intrinsic and the extrinsic bistability of the RTD, not modeled by the theoretical
Schulman formalism.

Schulman’s model, despite based on a compact parametric equation, suitable for a circuit
simulator, is composed of several fitting parameters not totally based on physical parameters.
Therefore, its accuracy depends on the adjustment of these parameters against the measured
data. The work described in [82] is certainly technically sound in terms of the physics of
the RTD. However, it can still be considered semi-emprical, since it relies on seven fitting
parameters, which have a clear physical meaning but are allowed to vary in order to match
theory and experiment. Also, there is no direct correspondence between the model parameters

and the device structure regarding the layer thicknesses and compositions, doping levels, etc.
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Figure 4.9: Comparison between experimental results and the Schulman model for an RTD with

In0,53 Gao747AS/AlAS structure [82].

We should point it out that after the Schulman model [82], models such as [121]- [123],
[126] can be found in the literature. However, most of these models are not fully analytical
and/or do not cover a broad range of temperature and most of than are not predictive. Addition-
ally, many of these models disregard scattering mechanisms in RTDs, preventing an accurate

description of the I-V characteristics. In this regard, the next section discusses the most relevant
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scattering mechanisms present in RTDs.

4.5 Scattering Mechanisms

Several RTD models found in the literature disregard the inelastic scattering effects during
electron tunneling, considering a fully coherent current density. In addition, many of these
models neglect the formation of the accumulation and depletion regions. Thus, the I-V curve
provided by these models differs from the experimental data [51]. Therefore, it is necessary to
investigate the scattering effects that most impact the tunneling process in RTDs.

In this regard, Tsu-Esaki original formalism neglects the effects of space charge formation
in the RTD. Consequently, the potential profile in the double barrier quantum well region, under
bias, taken as linear, as illustrated in Fig. (4.2). However, in a more accurate model, the spatial
charge distribution in RTDs directly interplays with the electron distribution, giving rise to a
non-uniform potential profile [127]- [133]. The charge distribution in biased RTDs, i.e., out of
thermodynamic equilibrium, is ruled by energy dissipation processes [53]. Energy dissipation
processes, such as LO-phonon emission (optical-longitudinal phonon) [134]- [148], impurity
scattering, roughness, and others [103], [149]- [157], lead to charge storage in the quantum
well. In this context, inelastic phonon-electron scattering is considered the process that mostly
defines the I-V characteristic in RTDs [51], [158]. Additionally, inter-band tunneling processes
(e.g., I' — X ) and impurity scattering also affect the transport dynamics in RTD [158].

The Tsu-Esaki formalism [31] assumes that the carriers travel through the device without
losing phase coherence. One can argue that this is a plausible assumption since the formalism is
only applied in the double barrier section (barriers and well, excluding contacts) with undoped
narrow width barriers (although scattering effects, even under these conditions, often become
significant [158]). There is also minor scattering contributions from impurities in the strongly
doped contact regions, emitter and collector. These regions are often modeled using the semi-
classical Thomas-Fermi approximation, in which electrons are assumed to occupy continuous
states above the edge of the conduction band [159]-[161]. Thus, in the Thomas-Fermi approach,
the electron density n(x) in Eq. (4.18) is computed by taking the difference between the quasi-

Fermi level and the conduction band edge [103], [157]. Fully quantum treatment of the contact
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regions can be done by adopting a dissipative quantum transport theory such as the Wigner and
NEGF transport model [107]- [109], [110]- [112].

In general, the quantum well and potential barrier regions are fabricated to be undoped.
Thus, ionized impurity scattering is not expected in the quantum tunneling process. How-
ever, donor atoms in adjacent contact regions, emitter and collector, can diffuse to the barrier
and well layers during the epitaxial growth process, giving rise to Coulomb scattering centers
[149]- [162]. In order to reduce Coulomb scattering, an undoped spacer layer is usually inserted
between the contacts and the barriers. Additionally, including spacer layers allows the barriers
to sustain symmetry under bias voltage, since most of the bias applied lies over the space lay-
ers. As seen in Chapter 2, the asymmetry (is experienced by the electrons at the emitter side)
in the conduction band profile degrades the peak of the resonant transmission coefficient, con-
sequently, reducing the resonant tunneling current density [128]- [129]. Fig. (4.10) depicts a
schematic illustration of the conduction band profile of an RTD with the inclusion of undoped

spacer layers adjacent to the barriers.
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Figure 4.10: Schematic illustration of the conduction band profile of an RTD encompassing double

potential barrier, emitter, collector and spacer layer.

The applied external voltage is also distributed in the spacer layer, which is employed be-
cause a low doping profile near the resonant tunneling barriers results in a higher PVRC [163].
Thus, in real RTDs, the space charge modifies the electric potential, leading to a region of
charge accumulation in the emitter and charge depletion in the collector [164]. Depending on
the doping level in the spacer layer, a quasi-triangular quantum well may form a 2DEG region
at the emitter [147], [161], as shown in Fig. (4.11-b).

In this context, a widely documented device, which is based on a 2-DEG channel, is the
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HEMT (High Electron Mobility Transistor). For instance, consider a HEMT composed by
the GaAs/Al,Ga;_,As semiconductor heterostructure with modulated doping, where the GaAs
layer is nominally undoped and the Al,Ga;_,As is n-type (to improve mobility and reducing
Coulomb scattering, doping occurs at a distance of ~ 100 A from interface). In thermal equilib-
rium, to produce a constant Fermi level across the structure, charge transfer occurs across the
interface, leading to spatial charge regions on both sides of the junction. Consequently, there
is a bending in the conduction band profile [165], [166]. In this case, electrons are transferred
from the higher band-gap material to the lower one, forming a region of positive spatial charge
due to ionized donors and creating an electron inversion layer in the GaAs side. Specifically,
a triangular quantum well is formed at the inversion layer, confining the electrons close to the
interface and quantized eigenenergy levels in the well. Thus, a series of subbands are formed,
each with a two-dimensional state density of m*/wh?. At low temperatures, electrons occupy
only the first subband and hence the electron gas can be considered a quasi two-dimensional
where electrons are free in plane parallel to the interface. [167]. In this structure, the elec-
trons are spatially separated from the ionized donor ions, which leads to high electron mobility
values (1 = 10 x 10° cm?/V's). However, the situation in RTDs is slightly different as the
Al,Ga;_,As region is not doped and therefore, there is no 2DEG layer formation in the absence
of applied voltage. Nevertheless, bias application produces an accumulation layer adjacent to

the potential barrier and two-dimensional states arise at the interface.

As mentioned earlier, the valley current density calculated by the purely coherent model
is much smaller than the value measured experimentally (see Fig. (4.7)). Thus, the pre-
dicted PVRC ratio is more than an order of magnitude greater than the measured experimental
data [51], [102]. This large difference between theoretically calculated and experimentally mea-
sured valley current was similarly observed in several RTD structures. Therefore, it cannot be
attributed to uncertainty about the material parameters used in the calculations or due to mea-
surement inaccuracies. The excess current observed in the valley region has been attributed
to the loss of phase coherence [135], neglected in the coherent tunneling model. One of the
main causes of this loss of phase coherence is LO-phonon scattering [134]- [148]. This effect
can play an important role even in recently developed RTDs, since the relaxation time of the

electrons, due to phonon scattering, is much less than the time required for the electron to cross
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the quantum well, the dwell-time, 7.

The LO-phonon scattering directly affects the transmission coefficient and the charge distri-
bution in the device. The change in charge distribution results from energy dissipation processes
in the well and it is generally investigated using NEGF quantum transport theory [107]- [109].
Other effects of electron-phonon interactions are expected in the charge transport. First, a LO-
phonon emission process can create an additional resonant tunneling channel, which appears
as a small additional peak in the I-V curve [147]. Second, a LO-phonon scattering can cause
a broadening on the transmission peak due to loss of phase coherence. In this framework,
Luryi [168] proposed that the NDR would be better described by a sequential process rather
than the coherent resonant process. In this approach, the electrons first tunnel from the emitter
to the quantum well and subsequently from the well to the collector. Between these two steps,

electron phase memory can be completely lost due to the scattering processes [162], [169].

4.5.1 Sequential Tunneling

The formalism described in this section, closely follows reference [158] and it is presented
here for completeness.

The transfer matrix method, used in the Tsu-Esaki formalism, can be applied in any het-
erostructure to describe purely coherent resonant tunneling. However, in a sequential approach,
as demonstrated by Weil and Vinter [169], the Hamiltonian transfer method is more suitable,
as it allows the direct evaluation of scattering effects such as electron-phonon and electron-
electron interactions. The Hamiltonian transfer formalism was originally proposed by Bardeen,
in 1961 [170]. Since then, it has been successfully applied to describe several phenomena
such as tunneling in superconductor-metal interfaces and the inelastic scattering processes in
resonant tunneling devices [138]- [146], [153]- [154], [171]. Fig. (4.12) shows a schematic
illustration of the sequential tunneling process in which the electron tunnels through the left
barrier to the quantum well, undergoes an energy relaxation process, and then, sequentially,
tunnels from the quantum well to the collector through the right barrier.

As described in [158], the double potential barrier structure is divided into three regions;
E (emitter), W (well) and C (collector). The transfer of electrons between these regions can

be described using tunneling Hamiltonians across each potential barrier, as illustrated in Fig.



90

(a) (b)
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Figure 4.11: Schematic diagram illustrating the difference between resonant tunneling through a double
potential barrier structure with an 3-D density of states emitter, linear potential profile (a) and two-
dimensional self-consistently calculated potential profile (b). The resonance width in the case of the 3D

emitter is larger than that of the 2D emitter.

(4.12). Thus, the total Hamiltonian of the system H; can be written as

Hp = H) + H, + H, (4.38)

where, the Hamiltonian in the well is

H,=H’+ H,, + H., + H,, (4.39)

The terms H?, H? and H? are the Hamiltonians of the emitter, well and collector, respec-

tively. The terms H?, HY and H? can be written as [158]:
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where k| and k, are, respectively, the parallel and longitudinal component of the wave vector,
k. The term £? is the wave vector of the resonant energy in the well. a) and aL are the usual
electron creation and annihilation operators, respectively [1], [54].

H., and H., are the tunneling terms of the emitter-well and collector-well comprising the

Hamiltonian of the well region H,, in Eq. (4.39). It is possible to write H.,, and H,,, as [158]:

. e re.1w 1.0y
Hew — Z {V ( H, T II 7k$) akﬁ7kaecakﬁu7kg _'_ HC} y
kﬁ,k;,kﬁ”
_ c 1.c.1w 1.0\ T
Hy = Y {v (5. K e kD) e i + H.c.} ,
k¢ ke kW !

(172>

where V (kﬁ, kg ki kg) and V (kﬁ, kg kit kg) are the elements of the tunneling matrix be-
tween the emitter and the well and between the collector and the well. The term H, represents
other interactions which electrons can undergo during tunneling, such as phonon scattering,
electron-electron interaction, and scattering due to impurities.

In this formalism, the transmission coefficient in the well can be written using the Green’s

function [158]:

1
E(KS, ke) —i6 — H,y’

[

G, = (4.40)

where 0 is an infinitesimal increment of energy. Then, one can write the tunneling coefficient as

T(k§ k)= — > Tm (kf, k| HewGo Hewlkf, 5, (4.41)
kﬁ,kg

after some algebraic manipulation, as proposed in [158], one obtain
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Figure 4.12: Illustration of sequential tunneling assisted by some energy relaxation process. The terms

H,,, and H,, are the tunneling terms of the emitter-well and collector-well, respectively.
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where X, is the electron self-energy (the energy that a particle has as a result of changes that
it causes in its environment, e.g., due to the semiconductor crystal lattice) in the well due to
tunneling and interactions with the lattice. Assuming the terms H.,, and H., conserving the

momentum, it is possible to make V' (kH> ko ki ,k‘z) = V4, therefore, one can simplify Eq.
(4.42) to [158]:

T( Hak‘e) = —Im

r
B(kj, k) — B, k) — S (kG ke, B(<, k) )

where I is the intrinsic broadening of the resonant state, approximately

D> (Vi [*6 (kS — KD) .
kg

When electrons do not interact with the lattice, that is, H; = 0, it is possible to substitute 3,
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for —:I" thus, using perturbation theory [1], the lowest order term of the probability coefficient,

T (ks k) can be simplified to [158]:
(0) © F2
TR =T ) = e (445
In this condition, the tunneling current can be written as
emﬁ 00 00
J=s5 | Tk k) [fo (E) — fr(E)]dE)| dE,. (4.44)
2m2h3 ), 0

Note that Eq. (4.44) is reduced to the Tsu-Esaki formalism in the absence of scattering.
However, in the Hamiltonian transfer approach, scattering effects can be incorporated into cur-

rent density through the Hamiltonian H, [158].

4.5.2 Phonon Scattering

As mentioned earlier, interactions between electrons and LO-phonons are, in general, the
most important energy dissipation process in polar semiconductor systems such as RTDs. Elec-
trons in double barrier RTDs can emit or absorb phonons during the resonant tunneling process
[134]- [148]. As this is an inelastic scattering process, momentum is not conserved. The reso-

nant tunneling assisted by LO-phonons is illustrated schematically in Fig. (4.13).

Figure 4.13: Schematic illustration of resonant tunneling assisted by LO-phonons. The term hwr o refers

to the phonon energy.



94

The probability of phonon emission is relatively small compared to the main resonant tun-
neling process. However, the result can be directly seen in the I-V characteristic at low tem-
peratures by the presence of a small lateral peak along the main resonant peak [134]- [148].
Additionally, there is a broadening in the resonant linewidth and an increase in the valley cur-
rent.

In this context, resonant tunneling assisted by LO-phonons was experimentally observed by
Goldman et al. [104]. In [104], the authors observed a small peak in the valley region a 4.2 K
with a magnitude of about 4% in relation to the main peak. Chevoir and Vinter [135] theoreti-
cally demonstrated the existence of a small peak, in the I-V curve, confirming the observations
of Goldman et al. [104].

The scattering rate due to phonon emission can be calculated by Fermi’s Golden Rule [1]:
. 27T N2
Wi — f) = = [{(fl He-pnl )" 0 (Ei — Ey — hwio)

where the Hamiltonian H._,; describes the electron LO-phonons interaction in a semiconduc-
tor. The term hwpo denotes the energy of the LO-phonon, where |i) represents the initial state
with an electron and | f) the final state with an electron and an emitted phonon. The Hamiltonian
which describes the electron-phonon interaction is known as the Fréhlich Hamiltonian [153]-

[154]. In the well, the Frohlich Hamiltonian can be written as [140]- [141]:

el ni

)2] 773 Sin <L_wl°) (an (qp) +af, (—q))]  (4.45)

f)/
He—ph = HFT = Z \/H

q ‘ [Qﬁ + (nm/ Ly

where v is the coupling constant [140]- [141]. The term AL, refers to the effective volume of
the emitter, where L. is the effective length of the emitter and A is the cross-section of the plane
parallel to the barriers y-z.

In Eq. (4.45) qy is the wave vector of the phonon emitted in the parallel plane, a, (qH)
and af (q”) is the photon creation and annihilation operators, respectively. n is the number of
phonons allowed in the confinement layer. The excess in current density due to LO-phonon

scattering can be calculated as [140]- [141]:

T= 5 [ W 0998 £, (E(10) dk (4.46)
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where g. (k) = 2AL./ (2r)° is the density of states in the emitter f. (F((k)) is the emitter
Fermi-Dirac distribution, W (k) = X ;W (i — f) is the total phonon emission rate per electron
for a given initial state with the wavevector k. The term ¥; accounts for the summation of the
final states with longitudinal confinement energy equal to the resonant energy level E,.. Note
that g. (k) f. (E((k)) is the number of electrons per unit volume in k-space that tunnel with the
emission of phonons with the rate of phonon emission per electron given by W (k) [140]. Thus,
writing the Hamiltonian for electron-phonon interaction, one can apply the Hamiltonian transfer

method to compute the current density in the RTD within the sequential tunneling formalism.

Alternatively, Biittiker [172] proposed a phenomenological model that allows the inclusion
of scattering effects in the transmission coefficient. In [172], Biittiker calculated the trans-
mission coefficient across a double barrier structure in the presence of a phase randomization
reservoir connected to the well. For this, Biittiker extended the Breit-Wigner formula to the
sequential tunneling regime, introducing an additional factor to express the incoherent scatter-
ing in the original Breit-Wigner formula (derived in Chapter (2)) . For the particular case of

symmetric barriers, Biittiker proposes

I 2
T(E,,V,) =— - = (4.47)
I'rT2+ (E, — E,)

where ['7 is the total resonance width, composed of a purely coherent intrinsic width, I, and
the extrinsic width due to scattering, I'y .Thus, I'y = I' + I';. The dwell-time can be calculated
from the intrinsic resonance width as 7, = i/I" [172]. By the same token, the phase coherence
break time, 7, induced by scattering, can be calculated as 7, = h/I';. Eq. (4.47) shows that
the relationship between I'y and I' (equivalent to 7,/7,) is an important parameter to provide
a boundary between the purely coherent tunneling regime and the sequential tunneling regime.
In the sequential regime we have I';/ I' > 1 the peak value of the transmission coefficient
decreases and the transmission peak becomes broader, when compared with the purely coherent

tunneling model.

Moreover, as proposed by Mizuta et al. [173], the resonance width due to LO-phonon
scattering can be estimated through the moment relaxation time, 7,,, calculated by expres-

sion [173], [174]:
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where « is the Frohlich polar constant given by

e2\/mz ( 1 1)
o= ——,

4\/571’6071\/ hwro \ Kopt K
and k., and  are the dielectric optical (high frequency) and static constants, respectively. The

parameter N, is the average number of phonons in mode q given by the Bose-Einstein thermal

distribution [174]:

Foro 1/2
b= 1—
Re( E )

The term A refers to the Debye temperature, which indicates the approximate temperature
limit below which quantum effects can be observed [174]. The Debye temperature can be
calculated as A = hwro/kp [75], [174]. T's can be estimated from the moment relaxation time,
suchas 'y ~ h/7,,. As demonstrated by Mizuta et al. [173], the approximation for I'; by means
of the moment relaxation time, 7,,, provides satisfactory agreement with experimental data.

In addition, the Hamiltonian transfer method can be used to compute scattering effects due to
impurities in undoped regions (double barrier and well), as proposed in [153]- [155]. Likewise,
from a phenomenological point of view, one can estimate the broadening in the resonance width
due to impurities, I';,,,,. However, because of the technological maturity of epitaxial growth
technique and the insertion of long undoped spacer layers between the double barrier and the
doped regions, the excess broadening due to impurities can be neglected [156]. Therefore,
scattering due to LO-phonons can be considered the leading broadening resonance linewidth

and degrading the PVRC in RTDs.
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Despite advances in the compact modeling of RTD I-V characteristics, through an extensive
literature review, we identified the need for fully analytical compact models relying on device
physics and capable of accurately reproducing RTD I-V characteristics. Aiming to fill this gap,
the next chapter presents a compact model describing RTDs 2D-2D and 3D-2D I-V charac-
teristics. The models are based on the device physics and allow the computation of electrical
characteristics as a function of physical parameters and geometric dimensions, with a reduced
number of fitting parameters, maintaining a compact, fully analytical, and explicit form, which

allows easy introduction into a circuit simulator.
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Chapter 5

Analytical Physics-Based Models for the
I-V Characteristics of 2D-2D and 3D-2D
RTDs

In this Chapter, we develop a fully analytical model for the I-V characteristics of 2D-2D and
3D-2D RTDs. Starting from the Tsu-Esaki formalism, we consider the overall electrical poten-
tial distribution in the device layer structure, including the space charge region in the emitter
layer. Additionally, we also take into account the scattering experienced by electrons during
tunneling process through the double barrier region. These additional features greatly improve
the accuracy of the proposed models when compared with others approaches reported in the
literature. The device models is fully physics-based, allowing the computation of the I-V curve
accordingly to the geometry and device structure of the RTD. The models are fully analytical
and explicit, thereby well suited for circuit simulator environment. The models are validated
against experimental and numerical data from several distinct RTDs structures, providing ex-

cellent agreement.
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5.1 Model for the I-V Characteristics of 2D-2D RTD

5.1.1 Electric Field and Potential Distribution Model
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Figure 5.1: Schematic illustration of an arbitrary double barrier RTD structure. Part (a): schematic illus-

tration of the RTD conduction band profile. Part (b): RTD doping distribution generalized as piecewise

uniform.

For the 2D-2D RTD, we consider an arbitrary heterostructure, schematically depicted in Fig.
(5.1). To provide a generalized model, we assumed a piecewise uniform doping distribution,
as it is usually employed in realistic devices. The self-consistent solutions of the Schrodinger
and Poisson equations, under the application of an external electric field, indicate the formation
of space charge in the emitter and collector regions [127], [159]. Specifically, for the emit-
ter region both theoretical calculations and experimental demonstrations, considering weakly
doped RTD space layers, show an accumulation space charge formation. This accumulation
layer is characterized by a two-dimensional electron gas (2-DEG) with quantized energy lev-
els [79], [157], [175].

In this section, for the electrostatic analysis, we follow the approach proposed by Leadbeater

[164] to compute the 2-DEG electron concentration, n,, at the emitter, and next, the electric field
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and potential distributions, in terms of n,.

Accumulation Layer

We start by considering the electrical potential distribution in a set of distinct regions,
namely: the potential energy drop in the accumulation layer eV, (the voltage drop at the emit-
ter taken from the Fermi level to the interface with the left barrier); in the double barrier region
eV (left barrier, rectangular quantum well and right barrier); in the spacer layer eV and the
depletion region eV} (the voltage drop in the collector in the depletion region). Fig. (5.2) shows
a schematic illustration of the potential double barrier region in the unperturbed condition, Fig.
(5.2-a), and under an applied bias voltage (1), Fig. (5.2-b).

Under external bias, a fraction of the carriers from the two-dimensional accumulation layer
continuously tunnel through the left barrier to reach the well. Meanwhile, the empty states in
the 2D accumulation region are replenished with electrons from the 3D region of the emitter,
in such way that there is a steady supply of electrons to ensure current continuity across the
device.

In the approach proposed by Leadbeater [164], the Fang-Howard variational method [176]
is used to compute the potential drop in the accumulation region. In this framework, the one-

dimensional variational Fang-Howard wavefunction is

U(z) =4 : (5.1)

where the subscript "ac" refers to the accumulation region. In this case, the origin, x = 0, is
placed in the interface between the accumulation region and the left barrier with respect to the
rectangular quantum well.

The total energy of the system can be expressed as (F) = <‘I’ac\I:I\‘I’M>, where H is the
Hamiltonian operator. As usual, the variational parameter, a, is determined by minimizing (F),

hence, given by:
(Ve W)

) = )

Considering the 2D charge density as p, () = —en, |¥a.(z)|?, we have:
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where V,(z) it is the conduction-band profile in the emitter accumulation layer and «, is the
emitter dielectric constant. In this approach, the band-bending is due only to n,, the free elec-
tron charge confined in the quasi-triangular well at the emitter side. Contributions from elec-
trons at the 3D bulk region of the emitter as well as from fixed ionized atoms are neglected. The
conduction band away from the interface is considered as reference: £, = 0. In the accumula-
tion region, the band bending due to 2D electrons in the quasi-triangular well, solving Poisson’s
equation, is [164]:
eng,e*”

Vo(z) = (a’2® — daz 4+ 6), (0,—00) (5.3)

2Ke€00

Hence, the voltage drop in the accumulation region is given by V,(0) [164]:

2¢h2n2 \ /3
7ehna> ’ (5.4)
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In our model, the eigenenergy levels in the quasi-triangular quantum well can be easily

calculated using the expression [53]:

2/3 1/3
O

where m = 1,2,3, ..., is the eigenstate index, L., is the eigenenergy associated with the

mth two-dimensional subband in the quasi-triangular quantum well. The electric field in the
accumulation region is given by F,(z) = —VV,(z), yielding
eng (a*2* — 2az + 2)

Fe(r) = - Sen exp(ax), (5.6)

It should be pointed out that the above formulation takes into account neither the wavefunc-
tion penetration into the barrier nor the screening due to 3D-bulk electrons located away from
the emitter accumulation region. Therefore, as experimentally observed in [164], this model
overestimates the binding energy in the accumulation region. To overcome this inaccuracy, and
seeking to closely match the experimental data, we empirically take the value of the effective

electric field in the two-dimensional electron gas at the emitter to be multiplied by a factor s in
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the form: (F,) = o (U, |Fe(x)|V,.), where the required wavefunction is described by Eq. 5.1
Carrying out the calculation, in our model the effective electric field in the accumulation region
is averaged out as (F.) ~ —aen,/(2€.). It is important to note throughout the simulations, for

every one of the five RTD devices investigated, we kept acy = 1/3.

Double Barrier Region

Space Charge Buildup

As discussed in Chapter 4, the charge storage in the well is due to electrons from the accu-
mulation region which tunnel into the well through the potential barrier. Hence, the next step in
our model to find a mathematical relationship between the charge densities in the emitter n, and
the well n,,. To do so, we modify the approach proposed by Sheard and Toombs to describe the
2D state density case. The authors originally developed a model considering a 3D state density
at the emitter region [160].

Under proper bias, one can consider the RTD as two parallel plates capacitors in series, with
a negative charge in the emitter —().., positive in the collector (). and a negative charge —(),, at
the center plate of the device, representing the well [160].

In steady state, the charge density in the well is determined by the balance between the
current flowing into and out of the well [160]. We can identify the emitter states by means of its
wavevector k = (k,, k, ) and the collector states as p = (p,, p.). In the 2D quantum well, the
wavevector is represented as q = (0,q_ ), i.e., the longitudinal component of the wavevector
is the same for all transverse states, since energy is quantized in this direction. Therefore, we
describe tunneling in terms of the transition rate between states q, in the quantum well, and
the states k, at the emitter, Wyq = (Wqk). Likewise the transition rate between the states of
the well q and the collector states p, Wpq = (Wqp). It is possible to compute the transition
probability per unit of time by using Fermi’s Golden Rule [1]:

Wirr, = 2% <\11W|ﬂ\\11L>)25(EW —Ep), (5.7)

where H =H—FE,, with H being the Hamiltonian of the left potential barrier, £/;, is the energy
level at the emitter. W, is the emitter wave function and Wy, represents the state in the well.

According to Bardeen [170], the matrix element of the transition can be written as
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Figure 5.2: Schematic illustration of the conduction-band profile under thermodynamic equilibrium (a)
and subjected to an external bias voltage, V, (b). The voltage drop is distributed in the accumulation
layer V., in the double barrier region Vi, and in the depletion region V;. The figure also shown the
extension of the accumulation region L,. and depletion L4. The term F,. refers to the 2D level at the

transmitter and the term F,. the energy levels in the well between the potential barriers.
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B

where lower limit of integration, =, can be defined as any point on the barrier, since (H—E7)¥ =

0 for x < L. Carrying out the calculations, as demonstrated by [160], we have:

~ 2 ﬁ2ULUwTL<Eac)
’<\I’W|H|\PL>’ T AL, (Ly + 2/auy) Ak

where, v, = \/2E,.1/m} and v,, = \/2E, 1/m}. E,.1 is the first subband in the accumulation

(5.8)

layer at the emitter side and E, ; is the first subband in the quantum well . The parameter o,

1s [160]:

2Ly + Ly + 2L, Tg

(0% )
M ag T, +Tgr

where a represents the Bohr’s radius give by

AT Ky €oh?
gy — ————

mie?
T, and Ty are the single barrier transmission coefficients relative to the left and right barriers
of the well, respectively.

Thus, the rate equations for the states occupation at the emitter fy and in the well fq (where

f is the Fermi-Dirac distribution function) are:

of 3 W

a_tk = - kq(fk_fQ> kq;

0 § W
% = — E (fq— fi) Wk — (fa = fo)Wap-

aq,k aQ,p

In steady-state, we have 0 f, /0t = 0. Therefore, the equilibrium condition is

> (= fa)Wax— Y (fa— fp)Wap =0 (5.9)

q.k a.p
Assuming momentum conservation in the plane perpendicular to the barriers, we have k| =

q and p; = q. Additionally, assuming a narrow resonance linewidth, taking into account only

the first subband in the emitter and in the well, and considering energy conservation, yields:
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R’k: RPR? n%q?
= FE,.(V, L. 5.10
2m*  2m* Vo) + 2m* (5-10)
likewise, the condition for tunneling from the collector to the well is
RPpd  R*p? n*g?
P = Va - Er n ‘/;L ) 5.11
2m* + 2m* ’ (Va) + 2m* ( )

where k, = ky and p, = pg correspond to the wavevectors at the emitter and the collector in
resonant tunneling, respectively. The term E, ,, (V) refers to the resonant energy levels in the

well, under applied bias. Hence, Eq. (5.9) at resonance, for the 2D-2D case, is

Z qu(ﬁcz,h - fq)ékl,q(skz,ko - Z qu<fq - fp)(spbq(spz,po =0 (5.12)
q,k

q’p
when there are no occupied states in the collector with the same energy level of the quantum

well, we have f, = 0. Thus, isolating f4 in Eq. (5.9), one can compute the charge stored in the

wellas Q = eA )’ q Ja» Where A is the interface area, yielding:

Z kaqk
q.k kaqk
=€ =€ 1 -1 (5.13)
Zqu+Zqu ;TLl_‘_TRl
q.k QP

where 7, = Y\ W and 7' = > Wep [160]. In a sequential tunneling framework,

Q

the transmission rates Wy and Wy, are obtained using Egs. (5.7) and (5.8). Therefore,
quk Wk = (vw/2Lw) T, = v'Ty. Similarly, for the collector side, we have qu Wep =
v'Tr, where v is the classical attempt ratio [160]. In addition, ) q Ja accounts for the number
of charge stored in the well, that is, ),,/e. By the same token, >, fi. x, is the number of states

at the emitter with k, = ky. Summarizing:

G(V.) = (k% — k2)/2m,0 < ko < kp (5.14)
' 0, otherwise

Hence, one can rewrite Eq. (5.12) as

VT, (GG(VZL) - Qw) - VTRQU) =0 (515)

thus, the charge in the well is given by
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T, [k2-k2

Qu = i | 2000 = k)0 (5.16)

where 6() is the step function.

Meanwhile, Sheard and Toombs [160] proposed the expression (5.16) considering a 3D den-
sity of states at the emitter. In other words, there is no formation of quantized energy levels at
the emitter. On the other hand, for our specific case, where quantization occurs in the accumu-
lation layer, the charge is proportional to the wavevector of the subbands. Therefore, we can
rewrite Eq. (5.16) considering a 2D charge densities ()., = en,, and (), = en, [160]:

Ty

w = Ng————0(k2 — k2_)0(k3). 5.17
n nTL+TR<O max)(O) ( )

Finally, to obtain a more compact form, we can simplify Eq. (5.17) by using a Lorentizian
approximation to describe the resonant energy levels in the quantum well, as proposed by [159],

yielding:

T 1 I'% /4
bt (1 2/ ] =, (518)
TL ‘I’ TR T F2A/4 + (Eac,m - Er,n)

Electrostatic Analysis

As discussed in the previous section, in the RTD the barriers are undoped and at the reso-
nance condition a charge density, n,,, is stored in the quantum well. Also, since the resonance
linewidth is narrow, results: n, > n,,. To account for the band bending due to the charge in the

2

QW, the charge distribution is given by p,,(z) = —en,, |¥,,(x)|", while the Poisson equation is

written as

V() = — L), (5.19)

€w

Throughout the derivations, €, and €, are the permittivity constants in the barrier and in the
well, respectively. L,, is the width of the rectangular quantum well and the terms L;;, and L,z
are the widths of the QW barriers to the left and right of the well, respectively.

In order to compute the wavefunction, required to calculate the charge distribution p, (z),
we consider the first energy subband, F, ;. In a first approximation, we assume the equilibrium

condition, i.e., an absence of the electric field applied to the structure. Then, the problem
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reduces to the solution of the Schrodinger equation for the rectangular finite well under unequal
effective masses of the barriers and well regions (see Chapter 3).

For the quantum well, the electric potential is U(z) = 0 for x < |L,/2| and U(x) = U,
otherwise. Consider the index ¢ = 1, 2, 3, representing the left barrier, quantum well and
right barrier regions, respectively. Placing the origin, x = 0, at the center of well, for left and
right barriers regions, the solutions for Schrédinger equation are ¥y (z) = AeM® and U3(x) =
Be "7 respectively, where A and B are normalization constants. By the same token, the

solution for Schrodinger equation in the well is

Uy(z) = C cos(kex) + D sin(kox),

where C and D are normalization constants.
Applying the BenDaniel-Duke [177] boundary conditions at x = —L,,/2 and x = L,,/2,

after some algebraic manipulation, we obtain

(A+ B)e F1lw/2 = 9C cos (ky Ly /2) , (5.20)

(B — A)e "Ew/2 = 2D sin (kyLy/2) . (5.21)

As the potential barriers have equal height, Uy, we can assume that A = B, that is, the
probability of the electrons entering the barrier from the left of the well is equal to the one
entering from the right of the well. Hence, from Eq. (5.21) results in D = 0. Again, considering
A = B, from Eq. (5.20) we have a relation between A and C"

A= CeMbw/2cog(kyLy/2) . (5.22)

Applying the normalization condition, [ |¥;(x) |? dz, we have

—Lw/2 9 Luw/2 0o 9
/ | AeM| d:c—i—/ \Ccos(kgx)|2d:c—|—/ |Be ™| dx =1 (5.23)

o0 ~Luw/2 Lu/2

Combining Eq. (5.22) with Eq. (5.23), evaluating Eq. (5.23) and isolating C' we have

1
2
2kks } : (5.24)

¢= {kalkz + 2ky c08? (kaLy/2) + ki sin (ko Ly)
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by making C' = /v in Eq. (5.24) we have v as:

B 2y ey
N ka‘lk‘g + 2]{32 COS2 (k’ng/Q) + k‘l sin (k’ng)

v

Hence, the wavefunction in the well is given by

W, (z) = Vucos(kez), © € (—Ly/2, Ly/2) (5.25)

where the wave vectors are given by ki = (1/h)\/2m;(Uy — E,.1) and ky = (1/h)\/2m,E,. 1,
my and m;, are the effective masses of the particle in the barrier region and in the well region,
respectively.

Then, the Poisson equation for the well is written by taking p, (z) = —eny, |, (2)]?, to
provide V*V,,eu(x) = —p,(z)/€,. Solving the Poisson equation by setting V,,.;;(0) = 0 and

imposing continuity of the electric field displacement vector, D =¢F, at the well/left barrier

interface, at the emitter side of the RTD, F,,(—L,,/2) = (€y/€w) Fpr, yields:

Vwell (.CL’) =

€Ny (12 N sin2(k:2x)) N [ena N €NV (sin(Lwl@)

4€w k% €w 4611) kQ

+ Lw)] z,  (5.26)

Note that, since the barrier is undoped, the electric field across the left potential barrier
is constant, Fy;, = (en,) /€y, resulting from imposing the continuity of the D vector at the
emitter/left barrier: €. F.=e, Fy,;, with F, given by Eq. (5.6). Therefore, the voltage drop at the
left potential barrier is V, = Ly Fjp.

Using Eq. (5.26), the voltage drop in the well, Vi, = Viyen(Lyw/2) — Vien(— Ly /2), is

v — eng Ly, N €Ny LV <sin (Luwks) n Lw) _ (5.27)

€w 4e,, ko

It is also worth noting that, when there is no space charge stored in the well, i.e., n,, = 0,
the voltage drop V,, = (en,Ly,) /€. This result is expected since the barriers are undoped and
the only electric charge in the double-barrier RTD is n,, the charge in the emitter accumulation
layer. Again, imposing the continuity of the D vector at the interface between the well and

the right potential barrier, we have that the electric field at the right barrier is given by Fyr =
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(€w/€) Fi(Lw/2). The electric field in the well is obtained by F, () = —V V(). Thus,
as the barrier layers are undoped, the voltage drop in the right barrier is simply given by Vi =
Lyg Fyr. Therefore, the total voltage drop in the double barrier configuration Vy, = Vi + V,, +
Vr 1s obtained by adding up the voltage drop in the two potential barriers and the quantum well,

yielding

Lyp + L L, eny,v sin (L, k L L,
Ve = en, bL bR L) ( 2) bR, Lw
€ €w 4k €p €w
eny Ly (sin (L, ko) + Lk enyLy,v (L L,
 €nulont (sin (Luky) + Loks) (L L),

41{3261) 4

(5.28)

€p €w
Finally, again applying the continuity of the D vector, we can calculate the voltage drop in

the spacer layer placed between the right barrier and the collector as, V; = (kp/k.) FyrLs:

eny, Lsv (sin (Lyko) + Lyk2) N engLg

Ve, =
4]€2€C €c
enyLsvsin (Lyky) — enyLgLy,v
5.29
4kse, 4e, ’ (5.29)

where .. is the permittivity constant of the collector semiconductor material and Lg is the width

of the undoped spacer layer.

Collector Depletion Region

From the charge neutrality condition, following the approach proposed by [160], we have
Q. = Q. + Q,, where the negative electronic charge at the emitter, (). = en,, and at the
quantum well, Q),, = en,,, is balanced by the positive ionized charge at the depleted collector,
.. In other words, the charge neutrality condition can be rewritten as n, = n, + n,,, where
n; is the total ionized charge (per unit area) in the depletion region, which is a function of
the applied voltage. Then, taking Fig. (5.2-a) as a reference for a generic multiple-layer in a

staircase doping profile, we discuss three distinct bias conditions:

Casel ny < NiLq,
Case2 NiLi <ny < NiLi + NQLQ, (530)
Case3 ny > NiLi+ NoLs.
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It should be pointed out that the resulting expressions can be readily generalized for larger a
number of layers, if needed, depending on the bias conditions as well as parameters including

layer thickness and doping density.

Case 1 n; < N1L;

For the solution of the Poisson equation in the collector depletion region, we set the origin
x = 0 at the interface between the spacer layer and the collector layer, of doping density /V;(see
Fig. (5.2-a)). Hence, under the total depletion approximation, the Poisson equation becomes
V2V.(z) = — (eNy) Je. for 0 < 2 < Ag1, where Ay is the depletion region width. Integrating

twice with respect to = yields

N
Vile) = —5—a + Ko + Ko,
€c

where K and K, are arbitrary constants to be determined by the boundary conditions. For
simplicity, at the origin, we impose V.(0) = 0 and, consequently, K; = 0. Next, considering
an abrupt transition at the edge of the space charge region, the electric field in the collector,
F.(x) = =VV.(x), is set to zero at x = Ay, yielding K; = (eN1\g1) /e.. To determine Ay,

we employ the charge neutrality condition:

—eng — eny, + eNiA g = 0. (5.31)

From Eq. (5.18), n, = n,A,,. Then, the total negative charge is

Ny = Ng + Ny = Ng (1 +Ay) . (5.32)

By making {, = 1 + A, we have n, = n,(,, yielding A\yy = (n,(,) /N1. Therefore, the

voltage drop due to the space charge formation in the collector is

2,2
e . n

Va=V.( A1) = —2§“N“. (5.33)
ctV1
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Case2 N1L; <ny; < NiLi + NoL,

For this case, the depletion region width is greater than the width of the first section of the
collector region, of doping level N;. Hence, we have [, < Ly < Ly + Lo, where L, is the
depletion region width, defined as Ly = L + A\g2, Ag2 defined as the depletion layer extension
into layer L.

Fig. (5.3) shows a schematic illustration of the conduction band and the charge density
profile for this case.

As in the previous case, we start by solving the Poisson equation:

d?V, —eNy /e, 0 < x < Ly,
2(:6) - 1/ ' (5.34)
d*x —GNZ/EC,Ll <x <L+ )\dg,

Again, we set V,1(0) = 0. In addition, the electric field at edge of the depletion region,
x = Ly + Ag2 = Ly is equal to zero. Imposing charge neutrality across the device, after some

algebraic manipulation, the total voltage drop becomes

€ (naga - L1N1)2 + eLlnaCa . GL%N:[

V, =
d 2¢.No € 2€,.

(5.35)

Case3n; > N1Li + NoLs

Although the expressions above can be easily generalized for increasing number of layers,
care should be taken if the doping level becomes very high (see Fig. (5.2-a) for N3). In the case
of strong doping, the electrostatic screening effect becomes relevant and reduces the accuracy
of the depletion approximation. An improved approximation is achieved by using the Thomas-
Fermi screening formulation [160], [164]. In this case, an expression for voltage drop in the

depletion region is given by [164]:

N, L NoL
vdzeﬁl(naga— 121)L1+<nag“a—N1L1+ 222> Lo

+ (n4{, — N1Ly + NaLy) Lrr] (5.36)

where the Thomas-Fermi length is written as:
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I X
_ enw‘ Ly T
(L1+2Aa2)
—eng,

Figure 5.3: Part (a): schematic illustration of the conduction band profile under the application of ex-
ternal bias, V,.Part (b): schematic illustration of charge density profile for the case where the condition

N1Li <ny < N1Lq 4+ NoLs is met.

A\
Lop = (i) . (5.37)

200 * 3
e*mk /3 N3

Considering all the three sets of results discussed above, it is possible to write the voltage

drop in the depletion region in a generic polynomial form:

V;l = Adnz + Bdna + Cd, (538)

where the constants A,, B, and C}; are:

<, < N L
2€CN1>nt_ 141,

Ad = 2:513\]2, NiLi <ng <N Ly + NQLQ,

0,ny > Ni1Ly + NoLo,




Oa Ny S NlLla

B, = eli¢, eL1N1¢
d €c ecNo

@ NlLl <y < N1L1 + N2L27
%o (Ly+ Lo+ Lyg) , ny > NiLy + Na Ly,

0, ny < NyiLy,

2 N2
% — EL Nl N1L1 <ny < NiLi+ NQLQ,
Ci=4

AT

€c

L + (N2L2 — NlLl) LTF] , Ny > NlLl + NQLQ.
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Then, having written the electrical potential distribution throughout the RTD structure as a

function of electronic concentration n,, next, we derive an expression to analytically compute

the dependence of n, as a function of the applied voltage V.

5.1.2 Analytical Approximation for Sheet Density n,(V})

The diagram of Fig. (5.2-b), yields the straightforward relation

Vo= Vae +Vap + Vs + Vg

emitter charge density obtained in the previous sub-sections, yields

2/3

2
cn,'” 4 con, + cang + ¢4 = 0,

where the constants are

C3

Cq

72eh? \/?
€1 = (Hm*eQ) , Ca = Ag,

LbL + LbR —I- Lw Ls) + €AwU sin (L kg) <LbR i ﬁ
€p 2 € €w
€AwU (sin (L, k‘2 )+ Lyks) LbR Ls eAwLwU Lyr
4k 4 €p

Cq — V.

(5.39)

Replacing each respective voltage drop in Eq. (5.39) for their expressions in terms of the

(5.40)

(5.41)

L
+ —S)
€ec

L, L
+—+—S)+Bd,

€w €c

(5.42)
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To analytically find the roots of Eq. (5.40), it is necessary to eliminate the 2/3 power
dependency of n,. The usual procedure is to express the equation in terms of n2/® and raise
both sides of the equation to the third power, resulting in a sixth degree polynomial equation,
which is quite cumbersome to handle. Instead, in order to find an approximation for the roots
of Eq. (5.40), we expand the term nZ/ ’ina Taylor series around the carrier density n, =
Eprm*/ (R*w), which is the maximum value for the carrier density in the accumulation layer, in
the low-temperature limit.

Therefore, expanding n/® up to the second order and replacing the expansion in Eq. (5.40):

dg’fli + dl’fla + do = 0, (543)
where
d2 = (9 — a 1
9 (1n)3
8
dl = c3+ a 1
9 (1m)?®
2
2¢1 ()3
do = —Cl (g )

Solving Eq. (5.43) and choosing the positive root, one gets

i+ I T E
_ |2t v odded + di (5.44)

Ma 2d,

where we take the absolute value of n, to avoid unphysical mathematical solutions.

It is worth mention that, in order to evaluate the constants in Egs. (5.41) and (5.42), it
is necessary to have a first estimation for the depletion region width, or, in order words, the
value of the total charge density n; = n, + n,. To do so, it is enough to recognize that the
resonance linewidth is quite narrow, is such way that n, > n,, out of resonance. Then, in a first
approximation, n,, = 0 yielding n, = n, with the depletion width restrict to condition 1, i.e.,
ny < NjL;. Then, it is possible to estimate the initial value of n, using Eq. (5.44) and update
the value of n,, to compute Ay, B, and C,. Next, n, is self-consistently recalculated through Eq.

(5.44) to obtain a more accurate approximation. Finally, each term of the potential distribution
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described in the previous sections is analytically computed and the process is repeated for the
following bias point. In addition, under applied external voltage, in our model, the resonant
energy level is approximated as

Epn(Va) & BY) = e(Vae + Vi + Vi /2) = E2), (5:45)
where Eﬁ% is the resonant energy level in the quantum well in equilibrium, i.e., in the absence of
an electrical field. To enhance accuracy, the term Eﬁz in Eq. (5.45) is the second order correc-
tion (first order correction vanishes due to symmetry) mostly due to the quantum Stark effect [2].
The Stark effect correction is analytically estimated by evaluating E\2 = e (W | Viper ()| W),

with W, (z) given by Eq. (5.25) and V.. () given by Eq. (5.26):
6

(U [ Vipert(2)[T) = vieny, S (5.46)
w| Ywell\T w/ — 288]€%6w fo 79 .

where the terms .S; are:

Sy = 3L2k5 — 9L, ko + 9L2 k3 sin (L,ks)

Lk L,k
Sy = 12L k- {—2COS3< 5 2) +30032< 5 2)} ,

Sy = —18cos? (LwTké> sin (Lks) ,

S, = 8cos (LUJTI@> sin (Lks) ,

L
Ss = —9sin (Lyks) + 32 sjn( UékQ) )

5.1.3 Validation of the approximation for n,(V,)

To evaluate the accuracy of the proposed model for compute n,, we used experimental data
gathered from [164]. This device is referred to as RTD# 1 with the main physical parameters
summarized in Table 5.1. Fig. (5.4) depicts a comparison between the experimental results
extracted from [164] (symbols) and the results provided by our model (solid red curve). As
it can be seen from Fig. (5.4), an excellent agreement with experimental data is observed. In
addition, consistent with the experimental data, our model can also describe the drop in the

magnitude of n,, which occurs at resonance due to space charge buildup in the quantum well.
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Figure 5.4: 2D electron sheet density in the emitter, n,, obtained experimentally in [164] (symbols),

and computed by the proposed analytical model (solid curve), Eq. ( 5.44). The figure also indicates the

resonant bias point for charge storage in the well, n,,, due to to the resonant tunneling process.

To also validate our approximations for the quantized energy levels in the emitter and in the
well, as a function of the bias voltage, we used the self-consistent solution reported on [161].
Fig. (5.5) compares the values of F, 1, E,.1 and E, o, with respect to the Fermi level and as
a function of the applied bias, obtained through the self-consistent numerical solution [161], as
well as analytically, by our model through the expressions Eq. (5.5) and Eq. (5.45). As it can
be seen from Fig. (5.5), our model provides a very close agreement to the numerical solution.

We also compared our results with the experimental data reported in [178], for the eigenen-
ergies levels under bias applied. Fig. (5.6) depicts the eigenenergies values £, ;and E,.; in
respect to the Fermi level, as function of applied bias, comparing the experimental results
from [178] (symbols) to the results provided by our model (solid lines) through expressions

Eq. (5.45) and Eq. (5.5). Again, our model shows an excellent agreement to experimental data.

5.1.4 Tunneling Transmission Coefficient

As shown in Chapter 4, the PVCR of the RTD characteristic curve at resonance is much

smaller than predicted by the idealized Tsu-Esaki model. The main cause for this reduction
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Figure 5.5: Self-consistent numerical solution for the eigenstates, £, 1 (circles), E,. 2 (triangles), of the
accumulation layer formed in the emitter, as well as for the first subband level in the quantum well, F. 1
(squares), under the applied bias. The potential energy reference is the Fermi level position, obtained
from [161]. The solid curves represent the solution computed analytically by our model for Fq 1, Fyc 2

and E, 1. The Fermi energy level position, E'r, is also shown (Dash-Dot symbols).

on the PVCR is the loss of the phase coherence in the resonant tunneling, caused by intrasub-
band scattering mechanisms, in particular the interaction between electrons and longitudinal
optical phonons (LO-phonons) in the current transport process [135]- [148]. For double-barrier
RTDs, the tunneling transmission coefficient is dependent both on the applied voltage as well
as scattering mechanisms. To account for both effects and describe the additional broadening

due to phonon scattering, we used the Lorentzian approximation proposed by Biittiker [172]:

. FLPR 1—‘T
T, (E,V,) 17 (F%/4+ (E_Em(va»Q). (5.47)

In the equation above T, (E, V,) is the electronic transmission coefficient for an electron in
the n-th subband of the quantum well (QW), E is the incident kinetic energy for the electron
while E, ,(V,) refers to the n-#/ eigenenergy in the quantum well under the applied voltage V,.
I’z and I'z account for the left and right barrier intrinsic resonance linewidths, respectively. The

use of distinct values for the barriers of each side of the well allows the modeling of asymmetric
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Energy(meV)

Va(V)

Figure 5.6: Symbols indicate the experimental data obtained from [178] for the eigenstates, Fq. 1 (cir-
cles) of the accumulation layer in the emitter and the first subband in the quantum well , ;. ; (triangles),
with respect to the Fermi level, under applied bias. The solid curves show the solution computed by our

model. The Fermi energy level position, E'r, is also indicated (Dash-Dot symbols).

QWs, if required. Then, the term 'y refers to the total resonance linewidth given by I'r =
'y + T'gr + [y, where I'y &~ 2Ah/74 is the linewidth due to scattering by LO-phonons and 7 is
momentum relaxation time given by Eq. (4.48) [179]. As demonstrated by Mizuta et al. [173],

the approximation for I';, shows good agreement with experimental data.

Next, the left and right intrinsic resonance linewidths are

U hTL, R (Eac,m> V;z)
2L, ’

' r=

with the electron velocity in the well v, = \/2FE,,,/mz [172]. Finally, in our proposition, we
used the WKB approximation (Eq. (2.45)) to calculate the tunneling transmission coefficient

11, rR(Eqem, Va) for a single potential barrier case as a function of applied bias, as
4Lyr, bR/ 210
TL,R(Eac,ma V;z) = exp —— Vb [(UL,R)3/2 - (UL,R - 6VL, R)g/ﬂ ) (5.48)
3ﬁ€VL’ R

where, from Fig. (5.2), the effective left-barrier height under applied bias, assuming an energy

level Eqcm, 1s U, = Uy — Eqem, While for the right side U = U, — eV, — €V,
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5.1.5 2D-2D Current Density Model

For small values of I'r, the transmission coefficient becomes negligible, except when elec-
tron kinetic energy is aligned to one of the resonant levels in the well, E,.,,. Hence, under
an applied bias voltage, we approximate E, ~ E,,(V,) where E, is kinetic energy compo-
nent related to the electron velocity in the z-direction and E, ,(V,) is given by Eq. (5.45).
Accordingly, the logarithmic part of Eq. (4.33) can be taken out of the integral [82]. Also,
it is considered that the emitter eigenenergy, Fq. ., in the quasi-triangular well has linewidth
I'A, comparable to the LO-phonon’s linewidth, i.e., 'a ~ [y, which is fair approximation for
RTDs [164], [178]. Then, replacing the term T(E,, V,) in Eq. (4.33) by means of the Biittikir
approximation provided by Eq. (5.47) and replacing £, in Eq. (4.33) for Eq. (5.45), it becomes
possible to integrate Eq. (4.33) from (Eucm — 'a/2) up to (Euem + ['a/2), to finally write a

generalized expression for the the resonant current density, as given by

o em:kBT FLFR 1+ eXp [(Eac,m - Enn(‘/a)) /kBT]
J(Va) = 2R3 (FL + FR) Z Z (1 + exp [(Buean — Ern(Va) — Vi) /kgT]

E — _ _
X |arctan acm FA/ 2= Erp(Va) — arctan Focem = U'a/2 = Ern(Va) )
I_‘T/Q FT/Q

(5.49)

where the summations in Eq. (5.49) describe the contribution of all energy levels in the quasi-
triangular well as well as in the rectangular QW in the active region of the RTD. The complete
scheme for obtaining the 2D-2D current density in RTD is summarized in the flowchart depicted

in Fig. (5.7).

In next section, the model is applied to a series of devices experimentally demonstrated in

the literature.
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Figure 5.7: Flowchart of the proposed model to calculate the current density for the 2D-2D RTD.

5.1.6 Results and Discussion for 2D-2D Model

In order to validate our model, we contrasted the results obtained from Eq. (5.49) to exper-
imental data extracted from five RTD structures reported in the technical literature. To ensure
the comparison with true 2D-2D based RTDs, we restricted ourselves to experimental data in
which the nature of quantized emitter was experimentally verified. Table 5.1 describes the layer
structure, including thickness, material composition and nominal doping levels, operating tem-
perature, and mesa configuration, of the five RTDs used to validate our compact model. The

double barrier region in all the structures in Table 5.1 are undoped. The nominal doping levels
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Table 5.1: The composition, nominal doping levels, relevant structures geometrical dimensions and op-

erating temperatures of five RTD’s structures used to validate our model.

Structure | RTD#1 [164] RTD#2 [147] RTD#3[147] RTD#4[178] RTD#5[180]

T TTK 4K 4K 42K 2K

[Al] r=04 r=04 z=04 z =0.31 z =0.35
Mesas 7 x 1078 m? 7 x 1078 m? 47 x 1078 m? 60 x 60-zm? 5004 m x 600 m
(N3, L3) 2% 10%,2 ym 2x10%,2 yum 2% 10,05 pum 1% 108,03 pm 1 x10'8,0.3 um
(N2, L) 2x10%,500 A 2x10%,500 A 1x10'7,500 A  1x10%,600 A 1x10' 600 A
(N1, L1) 1 x 10,500 A

L, 25 A 25 A 33 A

Lyr, 56 A 56 A 111 A 100 A 100 A

Ly 50 A 117 A 58 A 50 A 50 A

Lir 56 A 56 A 83 A 100 A 100 A

Ly 25 A 25 A 33 A
(N1, L) 2x10%,500 A 2x10%,500 A 1x10%500 A 1x10%,600 A 1x10' 600 A
(N2, L) 2x 1005 yum 2x10% 05 ym 1x107,500 A  1x10"% 03 pum 1x10"®,0.3 um
(N3, Ls) 2x10%,2 ym

are in unit of cm~3. For all devices used in this work the emitter and collector are composed of
n-GaAs material. The barriers and the well are composed of Al,Ga;_,As and GaAs undoped

semiconductors, respectively.

The electronic effective masses and the dielectric constants in the alloy Al,Ga;_,As, as
well the theoretical value of Uy, were obtained from [75]. Also, for GaAs, the effective masses
is mg, 4, = 0.067mg, where my is the rest mass, and the theoretical value of the LO-phonon
energy is hiwro = 36.25 meV [75]. In all devices used to validate our model it was enough
to consider only the first energy level both in the emitter quasi-triangular quantum well at the
emitter side and in the rectangular quantum well, i.e., m = n = 1 in our model.

For the device RTD#1 the experimental data is obtained from [164] and the main features
of the device are summarized in Table 5.1. As it can be seen from Fig. (5.8), the I-V character-

istic provided by our model display an excellent agreement with the experimental findings. To
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achieve this agreement, a minimal adjustment in the width of the potential barriers, concerning
their nominal value, was necessary. Specifically, the adjusted value was 58.5 A, relatively to the
nominal value of 56 A. The difference, of the order of few Bohr radii, is within the uncertainty
range of all major epitaxial growth techniques.

For RTD#2 the experimental data is obtained from [147] and the main features of the device
are summarized in Table 5.1. As it can be seen from Fig. (5.9), the I-V characteristic described
by the proposed model presents a quite good agreement with the experimental data. This turn,
to achieve the agreement, a small adjustment in the width of the quantum well was necessary.
The value used in our model was 112 A (only 5 A difference from the nominal value). In
addition, we assumed an unintentional doping level of n = 10'5 ¢m ™3 for the GaAs spacer
layer of 25 A, which was nominally undoped.

For RTD#3, we used the experimental data from another RTD described in [147] and the
main features of this device are summarized in Table 5.1. As it can be seen from Fig. (5.10),
the I-V characteristic described by the proposed model presents an excellent agreement with
the experimental data. To achieve this result, a small adjustment in some nominal parameters
were necessary, namely: L, = 56.5 A, Ly, = 110.5 A and n = 0.85 x 10*® cm™3. Again,
all three are small deviations from the nominal values, well within the fabrication tolerances of

established epitaxial growth techniques.

2.0 T T |

Model
§ ¢ Experiment

I(mA)

Va(V)

Figure 5.8: Comparison between the I-V curves obtained by the proposed 2D-2D current density model

(solid curve) and the experimental curve (symbols) of the RTD #1 [164]. Data was measured at 77 K.
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Figure 5.9: Comparison between the I-V curves obtained by the proposed 2D-2D current density model

(solid curve) and the experimental curve (symbols) of the RTD #2 [147]. Data were measured at 4 K.

For RTD#4, the experimental data is obtained from [178] and the main features of the device
are summarized in Table 5.1. As it can be seen from Fig. (5.11), the I-V characteristic described
by the proposed model presents an excellent agreement with the experimental data. Once again,
a small adjustment in the width of the potential barriers, relatively to the nominal value, was

necessary. The value used in our calculation was 103 A, an increase of only 3 A.

Finally, for RTD#5, the experimental data is obtained from [180] and the main features of
RTD#5 are summarized in Table 5.1. The model correctly predicts the PVCR ratio and the
peak current position, as it can be seen from Fig. (5.12). In order to obtain this agreement,
only a minor adjustment in the width of the quantum well, from the nominal value of 50 A
(see Table 5.1) to 48 A, was necessary. However, the shoulder-like shape in the I-V curve
around 0.5 V, as well as the fluctuations registered in the valley region, are not captured by the
model. This is because these anomalies have been associated to an intrinsic bistability effect
as well as the charge feedback mechanism between the emitter and well, which sometimes
arises at resonance [164], [160]. Neither one of those undesired effects were accounted for in
our model Also, it should be pointed out that the only broadening mechanism included in our

model is the scattering for LO-phonons. Therefore, the observed discrepancy between theory
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and experiment also means that other broadening mechanisms play an important role in the

shaping of the I-Vcurve for this particular device.

1.2 . T
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Figure 5.10: Comparison between the I-V curves obtained by the proposed 2D-2D current density
model (solid curve) and the experimental curve (symbols) of the RTD #3. [147]. Data was measured at

4K
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Figure 5.11: Comparison between the I-V curves obtained by the proposed 2D-2D current density model

(solid curve) and the experimental curve (symbols) of the RTD #4 [178]. Data was measured at 4.2 K.
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Figure 5.12: Comparison between the I-V curves obtained by the proposed 2D-2D current density
model (solid curve) and the experimental curve (symbols) of the RTD #5. [180]. Data was measured at

2 K.

5.2 Model for the I-V Characteristics of 3D-2D RTD

5.2.1 Electric Field and Potential Distribution Model

Similarly to Section 5.1, we start by considering the electrical potential distribution across
the device. Fig. (5.13-a) shows a schematic illustration of the potential double barrier region in
equilibrium. Fig. (5.13-b) shows a schematic illustration of the double barrier potential RTD
structure under an applied bias voltage (V). Fig. (5.13-c) shows a schematic illustration of the
charge density distribution within the structure.

As pointed out n the discussion of the 2D-2D model, obtaining a reliable physics-based
model is necessary to accurately describe the electric field distribution across the structure,
giving raise to an accumulation region at the emitter layer and a depletion region at the col-
lector layer. Depending on the thickness of these spacer layers and the operating temperature,
a quasi-triangular quantum well may form at the emitter, yielding a 2DEG. This energy-level
quantization feature usually occurs in very low-temperature regimes, as Section 5.1 illustrates.
On the other hand, for the 3D-2D case, we now derive a model to describe the case where there
is no quantum well at the emitter region. Therefore, the model in the present sub-section con-

siders the resonant current density as 3D-2D (three-dimensional emitter to a 2DEG quantum
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Figure 5.13: Part (a) shows a schematic illustration of an arbitrary double barrier potential RTD structure;

(b) the same conduction-band profile subjected to an external bias voltage, V; and (c) the corresponding

charge-density distribution.

well).

The starting point is to compute the space charge formation along the device. To do so, the

electric potential distribution is calculated in a set of distinct regions as schematically illustrated
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in Fig. (5.13-b). Since there is no quantization at the emitter side, our approach to describe the
electric potential distribution in 3D-2D RTDs differs slightly from the 2D-2D model.

Under bias, Sheard and Toombs [160] argue that the RTD is electrostatically equivalent to
a pair of identical parallel plate capacitors in series with a negative charge —(),, on the center
plate, representing the quantum well. To improve their approach, we consider the RTD as two
distinct capacitors in series: C; and C5. This consideration is more realistic because it takes
into account charge storage in the quantum well. Hence, unlike [160], the absolute value of the
space charge in the emitter, |Q.|, is different from the space charge in the collector, |Q.|. A
schematic illustration of the charge distribution is presented in Fig. (5.13-c).

Next, we determine the voltage drop in the accumulation region at the emitter, V... To do
so, we assume a uniform charge density as a function of the applied voltage, p.(V,) . Therefore,
we can write |Q.(V,)| = ep.(Va)Lace (per unit area), where L. is an effective value that

accounts for the accumulation region width. Then, Poisson’s equation is taken as:

V,(a) = L, (5.50)

€e

and the electric field at this layer is given by F,(z') = —VV,(x), where x = 0 is placed at the
left-hand side of the left barrier. To solve the Poisson equation, we use the traditional boundary
conditions, i.e., imposing V. (0) = 0 and F.(—Lg..) = 0, thereby considering an abrupt transi-
tion at the edge of the quasi-neutral zone. Thus, the voltage drop in the accumulation region is

given by
epeL?zcc _ QeLacc

‘/acc =
2€, 2¢,

(5.51)

Assuming a high electronic concentration in the accumulation region, we estimate L.

using the Thomas-Fermi screening theory [160]:

1
€. h? ™\
Loce = (esz ’3/3—Nd> : (5.52)

The electric field at the interface between the accumulation region and the potential-barrier

layer is |F.(0)] = Q./(eoke). By imposing the continuity of the electric displacement vec-
tor (D) at this interface, ¢, F.(0) = ¢,,F,., we obtain the electric field at the left-barrier

layer as |Fyr| = Q./€pr, Where €7, is the electric permittivity at the left-barrier layer. Since
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the potential-barrier layer is undoped, the voltage drop is simply given by V, = |Fpr| Lo, =
(QeLbL> /EbL-

The next step in our model is to find a mathematical expression for the charge stored in the
quantum well. This charge storage results from the steady-state carrier from the accumulation
region (tunneling through the potential barrier). In our work, we modify the expression pro-
vided by [160], originally proposed for the low temperature limit (0 K), to account for the finite
temperature effects. The authors used a rate-equation approach to relate the electronic charge at
the emitter to the stored charge in the rectangular quantum well. Their expression accounts for
energy and momentum conservation, and the final result is weighted by 77 /(17 + Tr), where
T, and Tk are the single-barrier transmission coefficients relative to the left- and right-barrier,
respectively [160]. The derivation of this expression is outlined in Sec. 5.1.1. We consider the
2-DEG charge density in the quantum well as |Q,,| = en,,, where n,, is the sheet carrier density

in the well. Hence, taking only the first subband in the quantum well, we have

T, 7
~—" E— Erp)dE, 5.53
T, + Tx gsz( F) ( )

Ey

N

where g5 p is the two-dimensional effective electron density of states (DoS), and f is the Fermi-

Dirac distribution. Therefore, the charge in the quantum well can be estimated by

em*kgT T; Er — E,(V,)
~ In{1 i AL A 54

where m 1is the effective mass of the electron in the quantum-well.

To account for the voltage drop in the quantum well due to charge storage, we take p,, (') =
—eny, | U, (2))]°. Consequently, Poisson’s equation is given by V2V,(2') = —p,(2')/ew.
Proceeding as outlined in Section 5.1.1, the required wave function, neglecting the shallow

penetration in the barriers, is

2
(Lw + (q1) " sin(qy Ly,

where L,, is the width of the rectangular quantum well. In this case, the reference, ' = 0, is

U, (2') =

>) ’ cos(q '), (5.55)

placed at the center of the quantum well. The wave vector associated with the lowest subband
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is ¢ = (1/h)y/2m} E;, where the energy level F; is computed analytically by our model
described in Chapter 3.
To solve the Poisson equation, we set V,,¢;;(0) = 0. Then, by imposing continuity of D at

the quantum-well/left-barrier interface, we have:

Qu [ sin?(q7') + ¢3a" Q. Qo
Vi (2) = e | 2w ) 5.56
ul#') =5 - aTwtsin(@ale) ) T\ T2, ) (5-56)

valid for — L,,/2 < 2/ < L,,/2. Hence, the voltage drop in the quantum well, V,, = Vi (L /2)—
Vwell(_Lw/2>7 is

Qelw | Qulu (5.57)

€w €w 2

Vi =

Inspecting the contribution of @),, to Eq. (5.57), in a similar fashion to [160], we can un-
derstand this result as if the electrons in the quantum well are effectively described as a charge
sheet of infinitesimal thickness located at ' = 0. By knowing the position of the common
plate capacitor (' = L,,/2), one can determine the capacitances and their respective voltage
drops. Hence, the voltage drops across the emitter and collector capacitors are V; = (). /C} and
Vo = Q./Cs, respectively (see Fig. (5.13-b)). The geometric capacitances (per unit area) are:

I Lace | Lpr | Lu

— = —_— 5.58
4 €e * €L, * 2¢,, (5:58)

where k., k., kpr and k,, are the dielectric constants at the emitter, collector, right-barrier and
quantum-well layers, respectively. The terms L;;, and L,y are the widths of the potential-barrier
to the left and right sides of the well, respectively. The term L, is the width of the depletion
region.

For the depletion region at the collector layer, we consider the total depletion approximation,
with the charge density being p, = |e| N4, where Ny is the effective doping concentration. Thus,
we can write the depletion charge density as (). = |e| NyL4. The charge neutrality principle

requires that Q). = Q. + Q.. Therefore, the depletion width is L; = (Q. + @, )/eNy. Starting
by substituting L, in Eq. (5.59) and noticing that V, = V; + V5, leads to
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Qe Qe+ Qu
Vo= 204 222w
o T o
and we can write:
Vo, = aQ? 4+ bQ. + c, (5.60)
where
1 1 Quw
= = — d = w
“ ee.N;’ C + e€w Ny +nandc=Qu
w L L.,
g Qu_ Lo L

By solving Eq. (5.60) and choosing the positive root, we have:

Qc(Va) = —% (b —V/4aV, — dac + b2) : (5.61)

The electric field at the right-barrier Fj is determined by imposing the continuity of D at

the well/right-barrier interface. Then, the voltage drop is Vi = |Fygr| Lyr:

_ QeLbR + QwLbR
€bR bR '

Vi (5.62)

As observed in real devices, Eq. (5.62) demonstrates that the voltage drops in the potential
barriers are unequal even if L,;, = Lyr given that there is charge stored in the quantum well.
Finally, from the band diagram depicted in Fig. (5.13-a), the voltage drop at the depletion region
Vo=V, = Voee = Vo =V, — Vi

In addition, under an applied external voltage, the resonant energy level shift is approxi-

mated in our model as

B, (Vo) ~ EY) —eVi — EY, (5.63)

where B is a second-order correction due to the quantum well electric field generated by the
space charge. Again, E® s essentially the energy level shift caused by the Quantum-Confined
Stark Effect [181], given by EP —¢ (U | Viper ()| Wy )
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eQuw :
E® — e {L3qi +3L% ¢ sin(Lwar)
+[12L0q1 — 6in(Lyg)] cos*(Lugi/2)

_3LwQ1 -3 Sin(qul)} ) (564)

where Sy = Ly, + (q1) " sin(q1 L)

To increase accuracy, our 3D-2D RTD model takes 77, and T as dependent of V,(V,) and
Vr(V,), respectively. Moreover, V7,(V,) and Vz(V,) are a function of the charge in the well, Q,,,
which in turn is a function of 77, and Tk, i.e., the charge in the well modifies the voltage drop at
the barriers. Rigorously, the problem must be solved self-consistently. Alternatively, to avoid
numerical procedures, we take (),, < Q. when out of resonance to obtain an approximate
solution in two steps. First, we calculate the voltage drop considering ),, = 0. Then, after

estimating the T, and T, we recalculate each voltage drop term taking @, # 0.

5.2.2 3D-2D Current Model

In the resonant model, the transmission coefficient becomes negligible, except when the
electron kinetic energy in x-direction, £, is aligned with the resonant levels in the quantum
well, £,. Thus, under applied bias, we can make F, ~ E,(V,) with E,(V,) given by Eq.
(5.63). Accordingly, the logarithmic part of Eq. (4.33) can be pulled out of the integral [82].

The tunneling transmission coefficient is computed by Eq. (5.47) described in Sec. (5.1.4).
In the 3D-2D model, we consider an incident electron kinetic energy £ = Ep, the effective
left-barrier height under an applied bias is Ur(V,) = Uy — Er — €V, and the right-barrier
height is Ur(V,) = UL(V,) — eV, — €V, (see Fig. (5.13-b)).

Considering Eq. (4.33), we replace the term T(FE,, V,) by Eq. (5.47) and E, in by Eq.

(5.63), and integrate from 0 up to oo in order to obtain a generalized resonant current expression:

_emkpT [ Typl'g 1 +exp ((Er — En(Va)) / (k5T))
T = =% <FL n PR) 2 {1 T oxp (Br — Bn(Va) — Vi) / (koT))

X {g + arctan <E€T<‘//§))] , (5.65)
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where the summation describes the contribution over all energy levels in the rectangular quan-

tum well.

5.2.3 Model Validation and Discussion for the 3D-2D Model

To validate the proposed framework, we contrast the results obtained through our model
with experimental and numerical data gathered from different 3D-2D RTD structures. The elec-
tron effective masses, the dielectric constants in the GaAs, AlAs, Al,Ga;__,As and In,Ga;__As
lattices, the theoretical LO-phonon energy value is hwy o, as well as the theoretical value of Uy,
are obtained from [75], [182]. Otherwise mentioned, in all devices investigated, the operating
temperature is 7' = 300 K.

We start validating our model with the device described in [82], composed by an Ing 53Gag 47As/
AlAs heterostructure with L,;, = Lyp = 2.6nm and L,, = 4.8 nm. For this device we have:
Ny =1 x 10"® cm™3and Er =~ 35 meV [82]. As it can be seen from Fig. (5.14), the proposed
model presents an excellent agreement with the experimental curve, correctly describing the
resonant peak and the approximate magnitude of the current density obtained experimentally.
Also, our model correctly predicts the PVCR value, the main figure-of-merit, which character-
izes the NDR region. However, to achieve this agreement, we replaced the (). parameter in
our model for an approximation, ), = a()., where « is a fitting parameter. This procedure
was done for all evaluated devices. Our calculations revealed that the resonant peak position is
very sensitive to the value of ()., as it determines the voltage drop across the whole structure.
Besides, the o parameter can be justified by our approximation for L,... Albeit it provides a
good quantitative agreement for the accumulation width, in realistic devices, L,.. also varies
with the applied bias. For this device, we set @ = 0.85. Also, the barrier width and the doping
level were adjusted to 25 A and N; = 0.75 x 10'® cm ™3, respectively. This small adjustment to
the barrier width was in the order of a few Bohr radii, within the uncertainty range of the ma-
jority of epitaxial growth techniques. As a final remark, we noticed an undesired shoulder-like
shape at the valley region around 1.5 V (see Fig. (5.14)). This effect is mostly attributed to the
intrinsic/extrinsic bistability and feedback mechanism present in realistic devices [82], [160],
which are not included in our compact model.

The next device used in our validation is reported in [183]. It is composed of a double-barrier
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Figure 5.14: Comparison between the I-V characteristics obtained by our proposed model (solid line)

and the experimental data (symbols) [82].

Ing §Gag 2 As/AlAs heterostructure with symmetrical undoped Ing 53Gag 47As space layers. The
nominal parameters reported are Ly;, = Lyr = 1.1nm, L,, = 3.5 nm, N; = 3 x 10*® cm~3and
Er =~ 55 meV. As demonstrated by the results shown in Fig. (5.15-a), the proposed model
correctly predicts the resonant peak characteristics and the PVCR. To achieve such an agree-
ment, we set in our calculations o = 0.80. As noted before, our model does not accounts for
the hysteresis anomaly around 0.5 V in the experimental curve. We should also point out that
AlAs layers have an indirect bandgap, leading to an additional broadening in total resonance
linewidth. In our model, we neglect the contribution of carrier tunneling across intra-band chan-
nels, such as the ' — L bands tunneling. Nevertheless, even for the indirect bandgap case, our
model closely matches the experimental curve with minor adjustments in the nominal parame-

ters.

Next, we compare our results with RTD investigated by Yang et al. [184]. This device is
composed by a GaAs/AlAs heterostructure, with the nominal parameters reported as L,;, =
Lyr = 1.7nm, L, = 4.5 nm, Ny = 1 x 10¥cm ™3 and Er ~ 55 meV. Fig. (5.15-b) shows
the analytical and the experimental I-V curves. Our model presents a good agreement with the
experimental data, correctly describing the characteristic curve, the location of the resonance
peak, and the magnitude of the current density. Again, to achieve this result, small adjustments

were performed: Ny = 0.85 x 10 em ™3, Ly, = Lyr = 1.55nm and o = 0.80.

The next device is composed by an Alj 33Gag 67 As/GaAs heterostructure with Ly, = Ly =
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Figure 5.15: Comparison between the I-V curves obtained by our proposed model (solid line) and the

experimental data (symbols) for (a) RTD reported on [183]; and (b) RTD reported on [184].

3.0nm and L,, = 3.0 nm. For this numerically analyzed device, the nominal parameters are:
T=T77K,N;=1x10®cm™3 and Er ~ 58 meV [133]. As it can be seen in Fig. (5.16), the
proposed model provides an excellent agreement to the self-consistent calculations. Once more,
a small adjustment in a few nominal parameters was necessary: L,, = 3.15 nm, L, = Lyr =
3.3nm, Ng = 1.1x10'® ecm~2 and a = 0.95. Eventually, as the bias increases, the effective right
barrier height, Ur(V/,), vanishes, and Tk approaches unity. In this situation, the device behaves
as a conventional diode, yielding the characteristic exponential I-V current lineshape. It is
interesting to observe that, since the effective barrier height in our model also varies accordingly
to the applied bias, the model matches the exponential part of the I-V curve without any further
adjustment. Although our main goal in this work is to model the NDR region, this additional
feature is an improvement when compared to the previous model developed in [82], where an
additional fitting equation is required.

The next RTD is a device analyzed by ourselves using Silvaco-ATLAS numerical simulator.
This TCAD platform is based on a self-consistent electric potential model and NEGF carrier
transport formalism. The device is composed by an Aly 5Gag 5As/GaAs heterostructure with
Ly, = Lyg = 2.0nm and three different quantum-well widths: L, € (2.5,3.0,4.0) nm.

For this device, we have N; = 1 x 10®¥cm™ and Er ~ 50 meV. As can be seen from
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Figure 5.16: Comparison between the I-V curves obtained by our proposed model (solid line) and the

self-consistent numerical model (symbols) for the RTD evaluated by [133].

Fig. (5.17) the proposed model presents a very close agreement with the simulated results
for all three widths investigated. To achieve this agreement, we used N; = 1.1 x 10¥ cm ™3,
Ly, = Lyr = 2.15nm and o = 1 in our calculations

In addition to the I-V characteristics, we also validated our expression for the resonant
energy level under an applied bias, Eq. (5.45). For this investigation, we set L,, = 2.0 nm in the
RTD structure. As it can be seen in Fig. (5.18), our expression provides an excellent agreement
with TCAD results for the ground energy level as a function of the applied bias. Furthermore,
our model correctly predicts energy rise around the resonance peak since we did not neglect the
quantum Stark effect in Eq. (5.45). We also validated our expressions to compute the space
charge in the quantum well and the accumulation region, given by Egs. (5.54) and (5.61),
respectively. The model is in excellent agreement with the TCAD results, as demonstrated in
Fig (5.19). Again, our model correctly predicts the variation of the charge density around the
resonance peak for both space charges regions, (). and @),,. Fig. (5.20) shows the respective
I-V characteristics for comparison. As it can be seen, our model correctly predicts the I-V
curve profile of the RTD.

It is also possible to evaluate the charge density distribution in the accumulation, double-
barrier and depletion regions. As demonstrated in Fig. (5.21), an inspection on the electronic

concentration reveals a charge accumulation near the DBR at the emitter side (bright-red color
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indicates the high electronic density), and a depletion (blue color) at the collector layer. Fig.
(5.21) shows the electronic concentration at the resonant peak (V, ~ 0.67 V') and Fig. (5.21)
shows the electronic concentration at the valley voltage range (V, ~ 1.2 V). The results ob-
tained by Eqgs. (5.54) and (5.61) are consistent with the numerical data from the TCAD sim-
ulation. Inspecting Fig. (5.21), one can see that the electronic concentration in the quantum
well reaches its maximum value at the resonant peak. In contrast, the electronic concentration
in the quantum well is significantly reduced at the valley bias range. This behavior is in total

accordance with the device theory as well as our analytical predictions.

We also compared our results with the TCAD investigation performed by [185] for nitride-
based RTDs. These devices have been attracting a great deal of attention for applications in
THz technology and also because of their wide bandgap [185]. The RTD is composed by an
Al,Ga;_,N/GaN heterostructure with nominal parameters as L,;, = Lyg = 1.5nm, L,, = 1.5
nm and Ny = 1 x 10 cm™3. Other relevant physical parameters and a complete description
of this device can be found in [185]. We compared our results for two different compositions
of the Al,Ga;_,N barrier: z = 0.1 and x = 0.2. As shown in Fig. (5.4-a), the proposed model
presents an excellent agreement with the simulated curve, yielding the same PVCR. Once more,
to reach this agreement, we used a = 1.18, Ly, = Lyg = 1.4nm and L,, = 1.7 nm in our

calculations.

We reinforce that in all devices used to validate our model, the minor fitting performed in
our theoretical predictions for (). through o parameter does not alter the order of magnitude of
Q.. Furthermore, the fine adjustment performed in some geometric dimensions is within the

typical tolerances of most device nanofabrication technologies.

In this Chapter, we developed fully analytical compact models to describe the I-V charac-
teristic of 2D-2D and 3D-2D RTDs. The models are based on the Tsu-Esaki formalism but
include a complete analysis of the electric field across the device, allowing one to account for
the space-charge effects due to the formation of a quasi-triangular well at the emitter side as
well as the quantum Stark effect. The proposed model also incorporates an analytical tunneling

coefficient, including LO-phonon scattering mechanisms and asymmetrical QW barriers.

The models were validated by comparison to experimental and numerical data obtained

from different RTDs described in the literature and numerical simulation performed by means
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Figure 5.17: Comparison between the I-V curves obtained by our proposed model (solid line) and
quantum transport TCAD simulations (doted line) performed to investigate the RTD regarding different

quantum-well widths.
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Figure 5.18: Validation of our proposed model (solid lines) against TCAD simulations (dotted line)
performed for the RTD with L,, = 2.0 nm regarding the fundamental resonant energy level under

applied bias.
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Figure 5.19: Validation of our proposed model (solid lines) against TCAD simulations (dotted line)
performed for the RTD with L,, = 2.0 nm regarding space-charge density in the quantum-well and the
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Figure 5.20: Validation of I-V characteristics of the proposed model (solid lines) against TCAD simula-
tions (dash_dotted line) performed with L,, = 2.0 nm.
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Figure 5.21: Simulated charge-density maps around resonance (left) and the valley voltage ranges (right).
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Figure 5.22: Comparison between the I-V characteristics obtained by our proposed model (solid line)

and the quantum-transport numerical simulation (doted line) for the RTD described in [185].
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of TCAD software. The overall agreement in terms of the PVCR and peak current is excellent
and the model is capable of reproducing the main features of the I-V characteristics for all
RTDs, with only minimal adjustments regarding the layer structure and/or doping levels, all
changes well below the fabrication tolerances of current epitaxial growth techniques.

The correct modeling of the NDR range, as well as the PVCR, are essential to design RTD
oscillators, analog-to-digital converters, frequency dividers/multipliers, and digital circuits em-
ploying multiple valued logic [50]. In this regard, we highlight that our model provides an
excellent quantitative agreement for both NDR regions for all devices used for validation. We
should also note that the proposed model include only direct bandgap contributions only, ne-
glecting small contribution due to other conduction band-minima, such as intra-band tunneling,
eg,'—XandI'— L.

We should also point out that the proposed model for RTD 2D-2D works well for cryogenic
temperatures where the energies in the quasi-triangular quantum well in the accumulation re-
gion are well-defined, ensuring the 2D nature of the emitter electrons. Hence, for the 2D-2D
model, we neglect the small contribution of 3D electrons in the emitter. On the other hand, we
validated our model for the RTDs 3D-2D, considering only the contribution of 3D electrons at
the emitter side. The 3D-2D model works well for RTDs operating at room temperature. In
other words, we did not account for hybrid regimes in intermediate temperatures, with simulta-
neous contributions 2D-2D and 3D-2D.

We considered the total ionization for the accumulation and depletion regions for both mod-
els and the models developed in this work were validated for n-type RTDs. Still, even with the
simplifications assumed, the proposed model presents an excellent agreement with validation
data, comparable to much more sophisticated numerical approaches.

The results presented in this chapter regarding the 2D-2D model were published at [188].
Also, the initial results for the 3D-2D model can be found at [189]- [190].
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Chapter 6

Conclusions and Future Works

In this thesis, we focused on modeling the I-V characteristics of RTDs. We provided a
brief account of the historical context in which the resonant tunneling concept was conceived.
In Chapter 2, we reviewed useful analytical expressions for computing the quantum tunneling
transmission coefficient across rectangular potential barriers, with and without applied bias.

As a required step, to obtain an analytical model it is necessary to determine the energy lev-
els in the finite-height quantum well present in the RTD structure. However, to determine these
energy levels it is necessary to solve transcendental equations that do not have an exact analyt-
ical solution. Therefore, approximate analytical solutions were developed for symmetric and
asymmetric rectangular quantum wells, demonstrating excellent agreement when contrasted
against the exact solution. Next, a literature review of carrier transport in RTDs was carried
out, where the challenges in developing compact models for I-V characteristics were identified.
Additionally, the main scattering mechanisms in RTDs were discussed, in order to incorporate
their effects into the proposed model.

In Chapter 5, we developed a fully analytical model for the I-V characteristics of 2D-2D and
3D-2D RTDs. In particular, depending on the thickness of these spacer layers and the operating
temperature, a quasi-triangular quantum well may form at the emitter, yielding a 2DEG. This
energy-level quantization feature usually occurs in very low-temperature regimes. In this case,
the RTD is named 2D-2D (two-dimensional emitter to a 2DEG quantum well) RTD. On the
other hand, for the 3D-2D case, there is no quantum well at the emitter region and the model

considers the resonant current density as 3D-2D (three-dimensional emitter to a 2DEG quantum
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well). To do so, we started from the Tsu-Esaki formalism and considered the electrical potential
distribution in the device layer structure, including the space charge region in the emitter layer.

The models developed combine elements of previous works found in the literature but also
add some modifications and original contributions, such as the inclusion of the quantum Stark
effect, the dependence of the tunneling transmission on the bias voltage and LO-phonon scat-
tering mechanisms, analytical calculations of eigenenergy levels and the analytical computation
of charge densities. These features result in an accurate novel expression to describe [-V char-
acteristic of 2D-2D and 3D-2D RTDs. The models were validated by comparison to numerical
results obtained using TCAD simulation and experimental data available from different RTDs
described in the literature. The overall agreement is excellent, and the model accurately re-
produces the I-V characteristics for all RTDs, with only minimal adjustments regarding a few
physical parameters. It is worth noting that all changes well below the fabrication tolerances of
current epitaxial growth techniques.

The RTD is a building block for oscillators capable of operating in the THz range, thus
making it one of the target candidates for 6G applications. Therefore, in a future work, there is
a need for accurate small-signal equivalent circuit modeling. As a first step, in the next Section,
we provide our partial results on the analytical modeling for the elements of RTD small-signal
equivalent circuits. In addition, future work also includes modeling the I-V characteristics of

nanowire RTDs and RTTs (Resonant Tunneling Transistors).

6.1 RTD Equivalent Small-Signal Model

As mentioned in the previous Chapter, the most distinct feature of RTDs is their highly non-
linear I-V characteristics on account of their NDR. This unique behavior enables the devel-
opment of terahertz oscillators and detectors, and its detailed description depends on different
parameters, such as device size, material composition, doping levels, and temperature [35]- [47]
. Aiming the design of next-generation transceivers, a reliable compact model must correctly
describe the I-V and C-V characteristics in regard to fabrication parameters, without losing
track of the underlying physics. To do so, in this section we sketch a fully analytical model for

the first-order characteristics of the 3D-2D RTD.



143

Fig. (6.1) shows the small-signal equivalent circuit model of an RTD [186].

%

Figure 6.1: RTD equivalent small-signal circuit.

In the circuit, Rg represents the contact and access resistance on accounts of the metal-
semiconductor contact resistance and the sheet resistance of the heavily doped semiconductor
contacts. G represents the differential conductance (first derivative of the DC I-V curve). L
is the tunneling inductance which accounts for the time required for the buildup or decay of
the wave function in the quantum well, leading to a delay of current with respect to bias. The
capacitance C; represents the capacitance due to the space charge buildup in both accumulation
and depletion regions. Cgy represents the quantum capacitance resulting from the charge and
discharge of free carriers in the well [186].

We calculate the device conductance and its equivalent capacitance to compute the maxi-
mum operating frequency and the associated maximum output power, fundamental features for
designing RTD-based oscillators. To find the differential conductance characteristics, we apply

the generalized chain rule in Eq. (5.65), yielding:

dJ oJ 0E, 0J o'y oJ o'y,  0J 0Ty

G=~aE. v, Tar,av. Tar oV, T arnov,

(6.1)

First, we notice that the linewidth enhancement factor due to scattering is much more sig-
nificant than the intrinsic linewidths, i.e., I'y > 'z, I';. Since I'r = 'y, + I'g + I's, we have
I'r = I'. In addition, since I'; is almost a constant with respect to V, [187], we can make
Ol'r/0V, = 0. Next, following the argument of Coon and Liu [124], as the intrinsic linewidths

I’y and ' are much smaller than the energy level, we can assume:
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Therefore, we can approximate Eq. (6.1) to:

9] 9E,

G~ ok, OV,

(6.3)

By evaluating Eq. (6.3), we have the differential conductance as

2 *
FRG FLme

G ~ —iRC LM {kBPTT(1+A1)(1+g)1n( 1“)

2 14+ A

s 2F,
-2 [5 + arctan ( T, )] (C—Ay)
P2
X (Eg + —T) } {w2h3\/4av; — dac + b2

4

2

x (14 ¢) (1+Ay) (E3;+ %) Ci(I'y +FR)}_17

(6.4)

where

A= exp((Br — En(Va) —eVa) / (ksT)),

¢ = exp((Er— En(Va))/ (k8T)).

Off resonance, there is no space charge buildup in the well and, for constant values of L.
and L4, the device behaves like a parallel plate capacitor, with the charge accumulated at the
emitter plate being proportional to the applied voltage. Hence, in this case, this geometric

component of the capacitance is simply given by

1 1\
Cy = (a + ?2) (6.5)

The terms C; and (), are defined in Chapter 5 given by the equations (5.58) and (5.59). By
evaluating Eq. (6.5) we have:
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Ci = (Naewesresre) {[(Na (Lace + La) e + Qc) €or

+e€w NaLog)| €br +€6bR€deLbL}71 (6.6)

Following the approach proposed by R. Lake and J. Yang in [187], a simple expression to

compute the quantum capacitance is given by

Gh
Cow = T (6.7)
T

Therefore, the overall equivalent capacitance of the RTD can be estimated by

Ceq - Ct + CQW

The tunneling inductance is given by [186]:

r
Lo = 0_77; (6.8)

Furthermore, the circuit has a negative differential conductance for frequencies below f.x.

Hence, the cutoff frequency, i.e., the maximum oscillation frequency, is given by [191]:

; 1 L (, C,
e 2w LQCt 2LQG2
1/2

1/2
s |1 (1 - Ghs +1 2) 6.9)
GRs (Cy) (2LgG?) — 1)

Finally, the maximum output power of an oscillator can be computed by [126], [192]:

(LY
! (fmax)

where the NDR is characterized by Al = [, — I, and AV =V, — V,, with I,,, [,,, V, and V,

3
Prax = —AIA
max ]_6 V

(6.10)

representing the peak and valley values for the voltages and currents, respectively. Typically,
the equivalent capacitance of RTDs is in the order of a few femtofaradays while the series
resistance is about a few ohms [186]. These values assure the THz operating frequency range

for RTD-based oscillators.
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In a future work, we will contrast the results from the expressions derived in this section

with experimental and simulation results from technical literature.

6.2 Nanowire RTD and RTT

In a future work, we will focus on the compact modeling of quantum wire RTDs and RTTs
operating in the quasi-ballistic regime. In the quantum wire RTD, the transport carries experi-
ence lateral quantum confinement, leading to a collimation effect in these devices and altering
their electrical output characteristics. In this context, it is worth mentioning the work of Bjork et
al. [194], in 2002. The authors investigated the electronic properties of heterostructured quan-
tum wires with InAs/InP semiconductor structures. The device possesses a double potential
barrier region, resulting in the quantum wire diode with resonant tunneling, as it can be seen
schematically in Fig. (6.2). Fig. (6.2) shows a schematic illustration of the device proposed
by [194], of radius Ry, with two InP regions of length L; forming the potential barriers for the
resonant structure. The term R, refers to the conductive radius, i.c., the effective conduction
radius of the longitudinal channel, disregarding the lateral depletion region of the RTD.

E(eV)

Vo

E

Ro

@

cross section

Figure 6.2: Schematic illustration of the quantum wire resonant tunneling diode proposed by Bjork et
al. [194]. On top, the figure shows a schematic illustration of the conduction band in the longitudinal

direction and a cross-section of the device [194].

In 2005, Wensorra et al. in [195] proposed a nanocolumn resonant tunneling diode (vertical
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quantum wire) formed by AlAs/GaAs semiconductor heterostructure. As reported by Wensorra
et al., the quantum wire RTD investigated presents an electrons collimation effect due to the
lateral confinement of the nanocolumn [195]. Thus, the proposed RTD presents quasi-one-

dimensional electron transport in the vertical direction of the nanocolumn.

Doped
nanowire Ny

Gate

Source

Oxide

Longitudinal section P P
Channel —tox —Ry Ro toy

DBQW

Cross section

Figure 6.3: (a) Schematic illustration of a quantum wire RTT. (b) a longitudinal section of the device
where it can be identified the double potential barrier and the quantum well. (c) a cross-section in the
NW-RTT showing the gate electrode, the oxide layer, the depletion region and the conduction channel

defined by the conducting radius R¢. The term t,, refers to the width of the oxide.

Another interesting device for modeling is the quantum wire resonant tunneling transistor,
NW-RTT. Fig. (6.3) shows a schematic illustration of a quantum wire NW-RTT. The advantage
of NW-RTTs is their potential to operate at higher speeds than conventional transistors. In this
context, the device proposed by Wensorra ef al. uses the gate voltage to control the width of the
depletion region, consequently controlling the nanocolumn conducting radius and the current
density [196]. NW-RTTs provide greater improvement in device performance compared to bulk
RTTs [196]. Despite its interesting features, there is a lack of physics-based models for both
quantum wire RTDs and RTTs in the literature, which makes these devices an promising topic

for future works.
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Appendix A

Mapping Function Approximation Method

A.1 Introduction

In the semiconductor industry, there has been a growing demand for fully analytical mod-
els to describe the basic electronic circuit components. This demand occurs because, although
accurate, numerical models impose challenges, such as very long simulation times and higher
requirements for computational capacity. In the scope of today technologies, where it is nec-
essary to simulate integrated circuit design with dozens of millions of transistors, numerical
simulations impose great difficulties. In modeling such devices, it is often necessary to solve
transcendental equations. However, by definition, these equations do not have a closed-form
analytical solution, making them particularly difficult to handle. As a result, most existing
formulations in the literature resort to numerical routines like the Newton-Raphson method to
tackle these equations.

In this scenario, the present appendix provides a method to write the solution of transcenden-
tal equations in terms of analytical expressions. We exemplified the application of the Mapping
Function Approximation Method (MFAM) employed in Chapter 3 to compute eigenvalues of
the finite square well potential. Here, we split the method in six steps to facilitate understanding.

In short, our method is used to find analytical solutions to transcendental equations by ap-
proximating these equations in polynomials using Taylor series expansions. Nonetheless, in-
stead of expanding the transcendental equations in a predetermined fixed point, for instance, the

origin of the system, we expand the transcendental equation in a moving point provided by a
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"mapping function". In our approach, the moving point varies accordingly to the parameters of

the original transcendental equation, in a way that minimizes the relative error.

A.2 Step-by-Step Mapping Function Approximation Method

We begin by applying the MFAM to calculate the approximate roots of an arbitrary

transcendental equation, namely,

S KPP +5REPn + e | Ve 2 In(n® +29) ve/ub > 3
2 + (n)® + - [In (n* +50)]% = 0.

wEn NG 10(—n/10 —10)  w€
(A.1)
Eq. (A.1) could, for instance, represent some physical phenomenon in which the constants
K, &, I, €, ¢, and o are operational and/or physical parameters and 7 is the variable of interest.
In our example, x, &, 1, €, ¢, 0 € RJ. At a first glance, Eq. (A.1) may look cumbersome.

However, we demonstrate in the next section that, by applying the MFAM, an approximate

solution can be easily found with satisfactory agreement.

A.2.1 STEPS:

1. The first step, if needed, is to rearrange the equation, grouping the transcendental func-

tion(s) to one side of the equality. Thus, for Eq. (A.1), we get:

2
\s/f@fuzn2+5f€§u2n+€’/5+ Ve 2 In(n*+2¢)  e/pb

rEp? 7 D =g —10) T e L5l
(A.2)

2. To get a more visually friendly equation, we can define a parameter that encompasses the
most relevant aspects of the target equation (not a mandatory step). For Eq. (A.2), we
define A = /2/k€p?. Hence, rearranging equation (A.2) and writing as a function of \,

we get

2 2 1
Y+ + A+ VA(n)? %+A[ln (n* +50)]°. (A.3)

3. The next step is to write each side of Eq. (A.3) as an independent function of 7. For this,
we call the left-hand side of Eq. (A.3) as LH S(n), and the right-hand side as RHS(n).
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Thus, we have

LHS() = ¢/ +5n+ A+ VA (1)3, (A4)
In (772 + 2¢)
100

wl=

RHS(n) = + A [In (n* 4+ 50)] 2. (A.5)

4. In this step, we use what is commonly referred to in the literature as a graphical method
(GM) to identify preliminary approximate solutions of Eq. (A.3), needed only to build the
mapping function. In this example, the GM consists of plotting the LH S(n) and RH .S (n)
curves in the same chart for a set of parameters A\, ¢ and o. The solution, 7, of interest
is just the intersection point of the curves. For illustration, Fig. (A.1) shows the LHS(n)
and RHS(n) curves for A\ = A\; = 1000, ¢ = ¢, = 100 and ¢ = oy = 10. Next, we
plot the LH S(n) and RHS(n) curves, but in this case, for a different value of the chosen
parameter, \;, and keeping the same values of ¢, and 0. We repeat this process varying
Ai, where i € (1,2,...,N) and N is the number of different values of \ to cover the full
application range. Thus, for each value of A\, we build a table relating to the solution, 7,

obtained by identifying the intersection point.

——RHS(n)

9000 |- LHS(n) L~

7500 k /

6000 L Parameters| |
— n A=1000
= 9 ¢=100

4500 | 5=10 .

3000 | .

1500 [-

0 1 1 1 1
0 750 1500 2250 3000 3750 4500

n

Figure A.1: LHS(n) and RHS(n) curves for A = A\; = 1000, ¢ = ¢, = 100 and 0 = o = 10. The

intersection point 7., is the approximate solution provided by the graphical method.

A judicious choice of ¢, and o(, was made in regard to this particular example. Neverthe-

less, any value of ¢ and o, in the physical range, can be used.
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Figure A.2: Solution of Eq. (A.1) as function of A with ¢ = 100 and ¢ = 10.

5. Next, with the curve shows in the Fig. (A.2), we can use a software platform, such as
Origin or Matlab (Curve Fitting Toolbox™), to find the expression of the mapping func-
tion which matches the relationship described in Fig. (A.2), with satisfactory agreement.

Following the steps above, we get the mapping function
No(A) = c1A?, (A.6)

where, ¢; and ¢, are constants. The Fig. (A.3) shows a picture of the software window
used to find the mapping function, Eq. (A.6). In this case, with ¢ = 100 and o = 10 the

Origin software automatically adjusted the values of the constants to,

¢, = 221915,

co = 0.81452.

In our example, different values of ¢ and ¢ would result in others values to ¢; and c,.
Nevertheless, despite different choices, the mapping function agrees well with the graph-

ical solution. This happens because, in our method, the point obtained with the mapping
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function acts just as a pointer to the vicinity of the root we are seeking. Hence, the map-
ping function is defined once in our method. On the other hand, if we decide to use the
mapping function as a direct solution, the relative error will grow rapidly as we change

the input values, as we will show later.
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Figure A.3: User interface of Origin software used to find the mapping function.

6. Next, by using Taylor series, we can expand the functions LHS(n) and RHS(n) into
polynomials of low degree around 7, and, consequently, easily solve Eq. (A.2). To
properly choose the polynomial degree, we can go back to the fourth step and analyze the
lineshape of the curve of Fig. (A.1) to get a hint of which degree of the polynomial would
be more adequate. In our particular case, we choose to expand LHS(n) into a second

order polynomial and RH S(n) into a first order polynomial, thus we have

LHS(n) ~ a+b(n—mny) +cln— 770)27
RHS(n) =~ d+e(n—ny),

hence, the approximate Eq. (A.2) becomes

a+b(n—mny) +c(n—mne)* =d+e(n—mny), (A.7)
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where the constants from Taylor expansion are

a = \3/77%+5770+)‘+‘/X(770)%>

1 29 +5 gﬁ(no)%

b= = + ,
3(m5+5m+ A2 3
L st NTF 1 @n+5)?  1VA)
3 I +5my+Ns 9 m
In (1§ + 29) 2 3
d = —0 27 )]l 50)]?
no+ 100 T +5)]

. 1 < 2y In(ng + 2¢)) +g Al
no + 100 \ n2 + 2¢ 1o + 100 3 (n2 +50) [In (2 + 2¢)]%

Y

Finally, one of the roots of the resulting polynomial equation, Eq. (A.7), is the solution
provided by our method. Thus, by simply solving Eq. (A.7) and choosing the real root, the

solution is described as

1
n:%(—b+e+26n0+\/e2—2be—4ac+4cd+b2). (A.8)

A.3 Results

To show the robustness of our method, we can compare our solution, given by Eq.
(A.8), with the numerical solution for several values of ¢ and 0. Fig. (A.4) shows the exact and
approximate solution for several values of ¢ and 0. As it can be seen, our solution provides a
good agreement with the exact solution. Fig. (A.5) shows the relative error of our method for
several values of ¢ and 0. The maximum error resulting from our method is around 1.5% for a
broad range of )\, ¢ and o. Note that, even changing the values of ¢ and ¢ to different values
from those which the mapping function was defined, there was no need for any change in our

solution, Eq. (A.8).
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Figure A.4: Exact and the approximate solution for different values of ¢ and o.

One might think that, instead of expanding the functions LH S(n) and RH S(n) using Taylor
series, the solution could be more easily found just using Eq. (A.6). The problem with this
approach is that the function provided by the Origin software, in this case expressed by Eq.
(A.6), is set for fixed values of the parameters ¢ and o (in this case, ¢, = 100 and o( = 10).
Consequently, by using Eq. (A.6) for different values of ¢, and o, the relative error would
certainly increase. Fig. (A.6) shows the relative error obtained using Eq. (A.6), as it can be
seen, the relative error is much greater than the value provided by our method. In fact, for some

values of \ the relative error observed is more than 100%.

It is possible to improve the accuracy of the solution proposed by our method, for instance,
by increasing the degree of the expansion polynomials, LHS(n) and RHS(n) or improving
the mapping function. However, a trade-off must be accomplished because this method aims to
provide approximate solutions that are easy to compute, compact, fully analytical, and, at the
same time, offer good agreement to exact solutions.

In conclusion, we demonstrated that the method originally proposed to find the finite quan-
tum well problem eigenvalues can also be used to find the roots of other transcendental equa-
tions. It is worth to keep in mind that the method described here is an approximation method

since transcendental equations, by definition, have no analytical solution. In this sense, the
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method can be considered as a tool to obtain analytical expressions for those who work with

compact modeling.
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Figure A.5: The relative error for different values of ¢ and o.
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Figure A.6: The relative error obtained using Eq. (A.6).
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