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A Novel Optoelectronic Device Based on Correlated Two-Dimensional Fermions
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Conventional metallic contacts can be replicated by quantum two dimensional

charge (of Fermion) systems (2DFS). Unlike metals, the particle concentration of

these “unconventional” systems can be accurately controlled in an extensive range

and by means of external electronic or optical stimuli. A 2DFS can, hence, transi-

tion from a high-density kinetic liquid into a dilute-but highly correlated-gas state,

in which inter-particle Coulombic interactions are significant. Such interactions con-

tribute negatively, by so-called exchange-correlation energies Eex−corr, to the overall

energetics of the system, and are manifested as a series negative quantum capacitance.

This dissertation investigates the capacitive performance of a class of unconven-

tional devices based on a planar metal-semiconductor-metal structure with an embed-

ded 2DFS. They constitute an opto-electronically controlled variable capacitor, with

record breaking figures-of-merit in capacitance tuning ranges of up to 7000 and volt-

age sensitivities as large as 400. Internal field manipulations by localized depletion

of a dense 2DFS account for the enlarged maximum and reduced minimum capaci-

tances. The capacitance-voltage characteristics of these devices incur an anomalous

“Batman” shape capacitance enhancement (CE) of up to 200% that may be trig-

gered optically. The CE is attributed to the release and storage of Eex−corr, from the

“unconventional” plate and in the dielectric, respectively. This process is enforced by

density manipulation of the 2DFS by a hybrid of an external field and light-generated

carriers. Under moderate optical powers, the capacitance becomes 43 times greater

than the dark value; thus a new capacitance-based photodetection method is offered.
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This new capacitance-based photodetection method has a range of applications in

optoelectronics, particularly in the next generation of photonic integrated systems.
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1. Introduction

1.1 Background: Two-dimensional fermion systems

Physical systems that include aspects of reduced spatial dimensionality (RSD)

have been the subject of extensive research. Mainly such systems exhibit physi-

cal properties, such as high-temperature superconductivity [1] and room-temperature

quantum hall effect [2], that are different from three-dimensional systems. The condi-

tion of lower dimensionality occurs in materials with two-dimensional structural units,

such as graphene [3, 4], MXene [5], and layered metal dichalcogenides [1, 6]. Achieve-

ment of a single layer graphene was demonstrated in 2004 by Novoselov and Geim [3].

Furthermore, any material system that can confine the movement of electrons in any

(or all) of spatial dimensions satisfies the requirements for low dimensionality from

an electrical (and optical) perspective on the system. The length extent of confine-

ment has to be on the order of an electron de Broglie wavelength1 in the respective

medium. A well known instance of these systems is a metal-oxide-semiconductor tran-

sistors (MOSFET), in which formation of a 2D channel of electrons (or holes) at the

oxide-semiconductor interface is essential for various application of this device. Other

examples for this category of RSD systems are carbon nanotubes [7, 8], nano wires

[7], quantum dot devices [9, 10], electrons on surface of liquid helium [11, 12], novel

oxide interfaces [13, 14, 15], and high-electron mobility transistors (HEMTs) [16, 17].

The RSD devices cover a wide range of applications in electronics and photonics.

Two dimensional electron systems (2DES) have been the subject of discussion in

the last 50 years, proceeding the invention of MOSFETs at Bell labs [18], as well as

their observation on the surface of liquid helium [19, 20]. Many interesting physical

1For an electron with mass m, which is moving at a speed v, its de Broglie wavelength is defined
as: λdB = h

mv , where h is the Planck’s constant.
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phenomena such as integer and quantum Hall effect were initially observed in a 2DES

[2, 21], since a 2D system provides a good medium for testing theories on physics of

their operation. This is mainly because of weaker field potentials in 3D compared to

lower dimensions, that impose a challenge for probing their influences. Substitution

of metallic contacts with a counterfeit, comprised of two-dimensional charge system

(2DCS), of either confined electrons (2DE) or holes (2DH), produces unconventional

devices with altered electronic characteristics [192], which substantially depends on

the properties of the confined charges. In unconventional parallel-plate capacitors,

for instance, a quantum capacitance, in series with the geometric one, is identified

as a consequence of finite density of states of the 2DE or 2DH systems [22, 23, 24].

Electrons and holes are charge carrying fermions, hence they are subject to the Pauli’s

exclusion principle (PEP). This is specifically important for many-fermion systems, as

the PEP determines the statistics of the system, since it requires that no two particles

with identical four quantum numbers may occupy the same state. Moreover, the

negative thermodynamic density-of-states2 of the 2DE or 2DH [25] causes anomalous

capacitance enhancements (CE) [23, 24, 26] in the unconventional capacitors resulting

in achieving capacitances that are much greater than the geometric capacitance, which

has important potential application as a replacement for high-k dielectric materials[26]

in MOSFETs. It can also allow substantial performance improvements of voltage-

controlled capacitors, varactors[27]. A 2D charge system can be obtained at oxide

interfaces [26] or at quantum wells (QWs) formed at semiconductor hetero-interfaces

[27, 28, 29]. Distinctive to unconventional 2DES contacts, is the ability to control their

carrier density from a high-density 2DES to a complete depletion [30, 31], through

application of an external excitation, hence controlling their ground state energy.

This feature is suitable for applications in capacitive-based photodetectors [32, 33],

2to be discussed in Chap. 3 of this dissertation
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reduction of clock skewing in ICs [34] and actuation of varactors [27, 35, 36].

1.1.1 Realization of a 2D charge system

A two-dimensional charge system can be achieved by various band engineering

techniques, and in a host of different materials, that can be categorized into three

main classes:

Hetero-interfaces: A band gap difference at a junction between two different

materials can be applied to localize charge carriers in a direction normal to the inter-

face. When such an interface is formed between thin films of materials, the locality

is only limited to one spatial dimension, while the charge carriers can freely move in

the remaining two directions. Hence, a 2DCS can potentially be formed at a hetero-

interface, contingent to further electrical considerations. Depending on the situation,

under which a 2DCS is formed at the hetero-interface, the following customary cate-

gories appear:

• MOS devices: In metal-oxide-semiconductor (MOS) structures, a 2DCS is formed

at the semiconducting side of the oxide-semiconductor interface. By applying a

voltage to the metal, the minority charge carriers in the semiconductor accumu-

late at the oxide-semiconductor interface. If the applied voltage is large enough,

the charge at the amount of the minority charge at the interface surpass the

majority of the bulk and a 2D sheet of charge with a finite thickness is formed,

which is essentially a quasi-2DCS. This 2D channel is the fundamental requisite

for the functionality of MOS field effect transistors.

• Quantum Wells: An electron inside an infinite energy barrier well is a classic

example in quantum mechanic courses, that can practically be realized in in-

terfaces of typical III-V compound semiconductors. When a large band gap

material such as AlGaAs makes an interface with a lower band gap material,
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such as GaAs, the Fermi level can be located above the conduction band at the

interface. As a result, a quantum well is formed and the charge carriers become

localized and confined in the direction normal to the interface. Specifically,

proper spatial doping profile is required for this purpose. Through means of

modulation doping [37], in which the impurities are located in the large band

gap material, the confined carriers in the quantum well can be spatially sepa-

rated from the dopants, which increases the carrier mobility inside the quantum

well. This can then be utilized as the conductive channel in high electron mo-

bility transistors (HEMTs) [16, 17, 37].

• Novel oxide interfaces: A recent class of hetero-interfaces in novel oxides is

shown to serve as a host for a 2DCS [14, 38]. Among such novel oxides, the

LaAlO3/SrT iO3 interface[13, 26] has received recent attention [38] for investi-

gation of the properties of a 2DCS. The most exciting phenomena arising, or

awaiting discovery, at customized oxide interfaces result from correlated electron

effects. In correlated electron systems, the interaction of an electron with other

electrons can no longer be described by the Coulomb interaction of a virtually

free, independent particle with an average background charge that represents

the other electrons.

Material surfaces: This category include materials, either in liquid or solid

phase, that are insulating in the bulk and conductor only on the surface. The charge

carriers can only move on the surface of the material and can not penetrate the

three-dimensional bulk of the structure. Hence such a condition is considered a two-

dimensional charge system. Two major examples of this kind of 2DCS are:

• Liquid helium: Due to the difference between the dielectric of the liquid medium

and the surrounding medium, electrons that are outside helium “feel” an attrac-

tive image potential [39]. Simultaneously, the liquid helium imposes a potential
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barrier of greater than 1eV [20] that prevents electrons from entering the liquid.

This causes formation of a 2D electron gas on the surface of the liquid he-

lium [11]. The energy separation of electrons in this 2DCS is in the microwave

frequencies. Furthermore, the attainable electron density on the surface of the

liquid helium is limited to values below 2×109cm−2 [12], which is much less than

the semiconducting counterparts. Initial investigations of 2DCS was performed

on this system, including the first observation of plasmons in a two-dimensional

system [40]. Another important aspect on 2DCS on liquid helium is formation

of a crystal formed of electrons, as a consequence of highly correlated electron

system at low densities [41, 42].

• Topological insulators: This class of electronic materials have a bulk band gap

like that of an insulator, however, the surface and/or the edges of the material

includes conductive states that are protected by time-reversal symmetry [43, 44].

It was initially predicted that the spin-orbit interaction of electrons can lead to

topological insulating electronic phases [45, 46]. Experimental, the existence of

such insulators was verified in a Bi1−xSbx material system [47]. The surface (or

edge) states of a topological insulator lead to a conducting state with properties

unlike any other known 2D electronic systems. In addition to their fundamental

interest, these states are predicted to have special properties that could be useful

for applications ranging from spintronics to quantum computation.

2D crystals: Materials that have a two dimensional crystal structure can innately

host a 2D charge system. Two-dimensional solids are defined as crystals with very

high aspect ratios and thicknesses corresponding to a few atomic layers [48]. The

charge carriers in these materials can hence move only in two directions and form

a 2DCS. The most well known instance of these class of materials is graphene [49],

which is comprised of atomically thin layers of sp2-bonded carbon atoms connected
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by aromatic in-plane bonds. The crystal has a honeycomb hexagonal structure with a

carbon atom positioned at every corner. Graphene was first experimentally produced

in 2003 and existence of a 2DCS in graphene was discovered by Novoselov et al [3, 50]

in 2004. Graphene has remarkable electronic features that include a zero band gap, a

linear energy band diagram [51], and a very large mobility at room temperature [52].

The density as well as the sign of the 2D charge carriers in graphene can be altered

by applying a gate voltage. Graphene exists in the forms of a single- or bi-layer

material, each of which demonstrate unique features. Specially, while it is practically

transparent to visible light. When combined with its conductive properties, graphene

becomes a desired material for photovoltaic applications. Other materials that possess

similar two-dimensional structure include hexagonal boron nitrides [53], transition

metal dichalcogenides [1, 6], and early transition metal carbides and/or carbonitrides

labeled MXenes [5].

1.2 Properties of 2D fermion systems

When an ensemble of particles form a system, the principal laws of physics, mainly

the conservation of energy and momentum, should be sufficient to predict the state

of the system at any given time. This problem, however, becomes exponentially com-

plicated as the particle number increases and is effectively impractical in realistic

many particle system. In such system, the number of particles is in the order of

Avogadro’s number (6.02×1023), it is necessary to characterize the system by macro-

scopic measurable, and mainly overall energy, chemical potential, µ, temperature, T ,

and particle density, n, for the system. These variable are related to the microscopic

particle states through a stochastic analysis and by applying the law’s of thermody-

namics [54]. Importantly, such an approach is based on an equal a priori probability

[55] assumption, which means that the system is equally likely to be found at any
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of its accessible micro states. Hence the grand canonical ensemble [56] has to ex-

tensively include all the possible micro states. Such an approach will be discussed in

Secs. 1.2.1.1 and 1.2.2.6, for noninteracting classical and quantum systems of fermions

respectively. In such noninteracting systems, the (influence of) inter-particle interac-

tions on the macro state of the device is ignored. Investigation of the properties of

interacting systems is presented in Chap. 3.

A system of electrons, as charge carrying fermions, is innately an interacting

system. In these systems the Coulombic forces among electrons can critically alter

the macroscale landscape of the energy. Furthermore, any arrangement of a system

of charge carriers, induces an electric field in the surrounding medium. For the case

of a two dimensional electron (or hole) system, despite the dynamics in the charge

plane, an effective charge density can be associated with the 2D sheet of charge. This

greatly simplifies the calculations of the induced electric field on both sides of the 2D

plane through laws of classical electrostatics, and will be discussed in Sec. 1.2.1.2.

Mathematical modeling of physical systems with reduced spatial dimensionality

imposes less complexity, both numerically and theoretically, due to smaller matrix size

and fewer tensorial components that describe the physics of a given system. Moreover,

systems with reduced spatial dimensionality exhibit different behavior, compared to

the 3D case and under similar external stimulus. The most well-known instance is

the electrons confined in a 2-dimensional quantum well at which the energy and mo-

mentum become quantized across the direction of confinement. This quantization is

essential for functionality of many infrared photodetectors [57] and quantum cascade

lasers [58].
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1.2.1 Classical analysis of a 2D plane of charge

In classical scheme, the state of an individual particle is completely defined with

the position and momentum vectors, ~r and ~p, respectively. Conservations of the en-

ergy and the momentum in a system of many particles adequately predict the state of

the system at any given time. Importantly, in the classical picture, individual parti-

cles are distinguishable. It means that the particles, with identical physical properties

inside a many body system, are distinctly labeled. Equivalently, an exchange in spa-

tial position of any two particles inside the system results in a new overall state. In

material systems the number of constituting particles (atoms, molecules, ions, etc.)

are very large and it is impractical to determine the state of each and every particle by

using the microscopic conservation laws. Hence, an approach is required that relates

the macroscopic state of the system to the microscopic state of each particle. Boltz-

mann statistics provides the required method for treating the many-body systems in

classical mechanics.

1.2.1.1 Distinguishable fermions and Boltzmann Statistics

The distinguishability of fermions influences the statistics of the particles, and

its thermodynamic state. In order to evaluate the macroscopic state of a system, it

is essential to define the statistics of the microscopic particles. In a non-relativistic

closed many particle system of electrons, the overall energy of the system, Etot, and the

total number of particles, N , remain constant as a consequence of the conservation of

mass and energy laws. It is of interest to find the distribution of particles with respect

to energy spectrum. For a classical set of distinguishable noninteracting particles, the

possible ways for Ni particles to occupy an energy state of Ei with a degeneracy

factor of gi is a combinational selection, gNii .
(
N
Ni

)
. Knowing that

∑
iNi = N and∑

iNiEi = Etot, the overall possible ways, W, of distributing the distinguishable
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electrons in all the available energy levels of the system becomes:

W = N !
∏ gNii

Ni!
. (1.1)

The entropy, S, of a system of particles is a measure of the number of specific

ways in which the system may be arranged. It also describes the overall disorder

of the system and is related to the number of all possible microstates, W, through

Boltzmann’s fundamental equation:

S = k lnW, (1.2)

where k = 8.62×10−5eV/K is the Boltzmann’s constant. Specifically, this definition

of S describes the system disorder by a physically comprehensible value as opposed to

the extensive number of W. According to the second law of thermodynamics the en-

tropy of an isolated system never decreases. Consequently, the number of microstates,

as presented in Eq. 1.1, has to be maximized with respect to Ni. The problem is then

reduced to finding Lagrange multipliers of α and β in the following function:

f(Ni) = lnW + α(N −
∑

Ni) + β(E −
∑

NiEi), , (1.3)

in which N and Etot have to satisfy the following constraints:

N =
∑

Ni, (1.4)

Etot =
∑

NiEi. (1.5)

Eq. 1.3 can be solved by setting:

∂f

∂Ni

= ln gi − lnNi − (α + βEi) = 0. (1.6)
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Hence:

Ni =
gi

e(α+βEi)
. (1.7)

By substituting Eq. 1.7 in Eq. 1.1, it can be shown that [56]:

dE =
1

β
dW − α

β
dN. (1.8)

This has the same format as the second law of thermodynamics, stated as:

dE = TdS + µdN, (1.9)

in which T, µ, and S are the temperature, the entropy, and the chemical potential of

the system. The Lagrange multipliers and the distribution function are then found

as:

α = − µ/kBT, β = 1/kBT (1.10)

Ni =
gi

e(Ei−µ)/kBT
. (1.11)

Eq. 1.11 is known as the Boltzmann distribution function and is valid for systems of

many distinguishable particles. It relates the micro states of the classical system, Ei,

to macroscopic variables of occupation number, Ni, and chemical potential, µ.

1.2.1.2 Electric field distribution of a 2D charge system

An ensemble of electrons is comprised of charge carriers, each of which induces an

electric field in the surrounding medium. The overall electric field, at any given point

in the space, is calculated by classical physics through superposition of the electric

field vectors of individual particles. In many-electron system that the number of

electrons is very large, the particle density is a better representation than the total
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number of particles. For an arbitrary distribution of charge, ρ(r), in which r represents

the location in space, the electric field, E(~r), in the surrounding space with dielectric

constant of ε is found classically through application of Gauss’s law:

∇.E(~r) =
ρ(~r)

ε
(1.12)

The electric field in the surrounding regions of an infinite two-dimensional sheet

of charge that is located on z = 0 plane and has the areal charge density of σ0, is

then calculated by applying Eq. 1.12 to such a distribution. Consequently it is found

that:

E(~r) =
σ0

2ε
.ẑ, (1.13)

in which E represents the electric field, ~r is a spatial position vector, and ε is the

dielectric constant of the surrounding medium. Mainly, Eq. 1.13 indicates an electric

field with constant magnitude and a direction normal to the plane of charge, either

into the plane for a negative charge density, or out of the plane for a positive charge

case. This has important implications if a 2-dimensional charge system (2DCS) is

exerted inside a metal-semiconductor-metal (MSM) structure, as it will be discussed

in Chaps. 2 and 4, since the electric field inside the device can then predictably be

found and manipulated through density control of the 2DCS. Notably, a constant

vertical electric field in conjunctions with a highly conductive medium of the 2DCS

can reduce the travel path for photo generated EHPs in the MSM photodetector and

enhance the speed of operation.

1.2.2 Quantum properties of 2D fermion systems

Quantum mechanics (QM) take a stochastic approach toward systems of particles.

A probability distribution function (PDF) represents the likelihood of finding elec-
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trons in a certain location and at any specific time. This PDF is known as the wave

function,Ψ, of the system of one or more particles. Similar to statistics of random

variables, an average value and a standard deviation (or uncertainty), as well as higher

order moments, can be extracted from the wave function. Any other observable in

the system can also be deduced from the wave function.

1.2.2.1 Observable operators

In the QM scheme, the observables of the system, such as position and momentum,

are redefined as an operator, Ô, that is acting on Ψ. The results of any measurement

experiment for a specific operator are eigenvalues, O, that are the solutions of the

following differential equation:

ÔΨ = O.Ψ. (1.14)

The results of physically meaningful meausrements require to be real numbers hence,

any operator in QM has to be Hermitian, that is:

Ô = Ô∗. (1.15)

It follows that the uncertainty, σO, in the measurement of an arbitrary operator Ô

becomes:

σO =

√
〈Ô2〉 − 〈Ô〉2, (1.16)

where 〈〉 denotes the expectation value of a given variable/operator.

1.2.2.2 Schrödinger equation

The Schrödinger equation serves as the fundamental mathematical model to de-

termine the wave function and its time evolution. It relates the energy operator, Ĥ,
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of the system of interest to the eigen states, described by the wave functions:

i~
∂

∂t
Ψ(~r, t) = ĤΨ(~r, t). (1.17)

The operator Ĥ is called the Hamiltonian of the system. Similar to classical system,

the Hamiltonian is the total energy and accounts for both the kinetic and potential

energy operators, T̂ and V̂ , respectively:

Ĥ = T̂ + V̂ , (1.18)

and T̂ =
p̂2

2m
. (1.19)

The wave function of Eq. 1.17 describes the likelihood of finding a particle at a

given time and spatial position. It does not however, distinguish between “different”

particles and does not indicate “which” particle is located at the certain point in

space. In other words, in the quantum picture all the particles are identical and

indistinguishable.

1.2.2.3 Operator commutator and uncertainty principle

The commutator of the operators Â and B̂, with eigenvalues a and b, respectively,

is defined by:

[Â, B̂] = Â.B̂ − B̂.Â. (1.20)

The two operators Â and B̂ are said to commute if [Â, B̂] = 0. It can be shown

that any two commuting operator share the same basis of eigenstates, and they can

be measured simultaneously and accurately [59]. Conversely, if two operators do not

commute, only one of the respective observables can be accurately measured at a time.
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Specifically, the commutator for position, r̂, and momentum, p̂, operators becomes:

[r̂, p̂] = i~. (1.21)

By using Eqs. 1.21 and 1.16 a fundamental concept in QM can be reached, which is

known as Heisenberg uncertainty principle:

σxσp ≥
~
2
, (1.22)

in which σx and and σp represent the uncertainty associated to r̂ and p̂, respectively.

The principle of Eq. 1.22 indicates that a minimum uncertainty exists in the mea-

surement of the observables that do not commute. Equivalently, the higher accuracy

in the measurement of one of them, results into a greater uncertainty in simultaneous

measurement of the other. The QM system converges into the classical limit when

lim ~→ 0.

1.2.2.4 Permutation operator

A Permutation operator, P̂i,j with eigenvalues pij is defined as an operator that

exchanges two particles i and j in a many-particle system with a wave function

Ψ(...i...j...). That is:

P̂i,jΨ(...i...j...) = Ψ(...j...i...). (1.23)

If the particles are indistinguishable, it requires the system to remain invariant under

exchange of particles, hence:

Ψ(...j...i...) = ±Ψ(...i...j...). (1.24)
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Combining Eqs. 1.24 and 1.23 indicates that the eigenvalues pij = ±1. Hence, the

Hamiltonian and Permutation operators commute:

[Ĥ, P̂ ] = 0. (1.25)

The result of Eq. 1.25 is important since it shows that Ĥ and P̂ share the same basis

of eigenstates. For the states with pij = +1, the wave function is symmetric and

the particles that occupy such states are called bosons. Conversely, those particles

that occupy the antisymmetric states with eigenvalues pij = −1 are called fermions.

This particle categorization is specifically necessary since an ensemble of bosons and

fermions will follow different statistics, as will be shown in Sec. 1.2.2.6, and hence

exhibit distinct macroscopic behavior. Since electrons (and holes) are charge carrying

fermions, the investigation of fermion properties and their collective behavior are the

main subjects of discussion for this dissertation.

1.2.2.5 Pauli’s exclusion principle for fermions

A restatement of Eq. 1.24 for fermions shows such a system possess an antisym-

metric wave function, ΨF , that is:

ΨF (...j...i...) = −ΨF (...i...j...). (1.26)

A special case for Eq. 1.26 occurs when two fermions occupy the same state, or when

i = j. In this case:

ΨF (...j...i...)|i=j = −ΨF (...i...j...)|i=j, (1.27)

and as a result,

ΨF (...i...i...) = 0. (1.28)
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Eq. 1.28 is the mathematical expression of the Pauli’s exclusion principle. It shows

that the likelihood of having two fermions occupying the same energy state is zero.

Hence, no more than one fermion can occupy a state in a many-fermion system. It

can be inferred from this requirement that a repelling “force” exists among fermions

that prevents co-existence of two particles at the same state. This is known as the

exchange force. A corresponding exchange energy can be associated with this force.

It is to be noted that the exchange Force between fermions has a completely quantum

mechanical nature and should not be confused with the repelling electrostatic forces,

such as that among electrons.

1.2.2.6 Indistinguishable fermions and Fermi-Dirac Statistics

The statistical analysis of Sec. 1.2.1.1 has to be modified to account for the in-

distinguishability of fermions in a noninteracting system. Following Pauli’s exclusion

principle, no more than one fermion can occupy a certain energy state. Hence, the

number of ways to distribute Ni fermions in an energy level Ei with the degeneracy

factor of gi becomes a combinational selection: w(gi, Ni) =
(
gi
Ni

)
. The overall number

of ways, W, for distribution of N fermions in the available energy states is:

W =
∏
i

w(gi, Ni) =
∏
i

gi!

Ni!(gi −Ni)!
. (1.29)

Equ. 1.29 is distinct from Eq. 1.1, mainly because the former does account for the

indistinguishability of fermions. The rest of the analysis remains the same as that of

Sec. 1.2.1.1. Consequently the statistics for a set of noninteracting indistinguishable

fermions becomes:

Ni =
gi

1 + e(Ei−µ)/kBT
. (1.30)

This equation is known as the Fermi-Dirac statistics.
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1.2.2.7 An interacting fermion system

Both Boltzmann and Fermi-Dirac statistics are based on an equal a-priori proba-

bility assumption that is only valid when the particles are not mutually interacting.

For charged particles such as electrons, there exists a long range significant Coulombic

interaction. Consequently, in such a correlated system, the above assumption and the

consequential statistics are not valid. It is required to incorporate the influence of

the correlational Coulombic forces in the Hamiltonian of the many electron system.

This step, however, imposes practical limitations due to the long range nature of

Coulombic interaction and the potential associated with it. A number of techniques

are typically applied to reduce such a system to an analytically approachable one.

Those include a mean field approximation in Hartree-Fock method [60], application

of a “jellium” model in random phase approximation (RPA) [61, 62], and application

of Green function and Feynman diagrams in evaluation of (Lindhard) linear response

of electrons [63].

1.2.3 Ground state energy of a many-fermion system

The ground state energy (GSE) of a 2DFS essentially includes terms that are

related to the kinetic energy of individual electrons, and the inter-particle interactions

among fermions in the system. A meaningful calculation of GSE has to account for

quantum mechanical exchange and correlation forces among fermions, in addition to

the classical kinetic energies of distinguishable particle. Fig. 1.1 compares the GSE

of a distinguishable system of fermions with that of an indistinguishable one. The

details of the contributing terms to GSE is the subject of Chap. 3 of this dissertation.



18

system of many

indistinguishable 

fermions

(quantum)

Kine�c

Energy

Hartree

Energy
(due to the 

ion background)

Correla�on

Energy

Exchange

Energy

+ +

++are negative

Kine�c

Energy

system of many

distinguishable

fermions

(classic)

Hartree

Energy
(due to the 

ion background)

Ground State Energy of many-fermion systems

Figure 1.1: Contribution of various energy terms to the total ground state energy of
many-body systems of distinguishable and indistinguishable fermions.

1.3 Density manipulation in 2DFS

Unlike metals, the particle density of a 2DFS that is attained in non-metallic

crystals can be varied by changing the boundary and/or initial conditions of the

system. Applying an external field effect is a common method of density manipulation

in semiconductor devices, as in MOSFETs. Furthermore, depositing additional charge

carries–typically generated through photon absorption–is an alternative for density

manipulations in many-electron systems. Both of these methods can change the global

particle density. Local variations in fermion density is also possible, while keeping the

overall value constant. This can launch charge density waves [64] and plasmons [65],

in the fermion system that may transfer energy between desired spatial locations.

Fig. 1.2 summarizes these common methods for density manipulation. It is relevant
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Figure 1.2: Significant aspects of a many-body system of fermions.

for this dissertation to examine these methods for a 2DFS that is attained in a QW

at a GaAs/AlGaAs hetero-interface.

1.3.1 Application of an external voltage

The density of 2DCS in semiconductor devices can be controlled either statically,

through material structural considerations, such as a doping profile, or dynamically

by exertion of external forces such as a bias voltage. In MOSFETs the concentration

of the 2DCS at the oxide-semiconductor interface can be accurately controlled by

gate voltage. Different regions of operation for the MOSFETs are identified based on

the amount and sign of the 2D interfacial charge. The operation of a MOSFET is
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thoroughly investigated in the last decades and can be found elsewhere [39, 66].

Modulation-doped field effect transistors (MODFETs) are a subcategory of FETs,

in which a 2DCS is statically introduced at a hetero-interface, through sophisticated

doping methods [30]. In MODFETs, the 2DCS conducting channel is spatially sepa-

rated from the dopants. This significantly reduces the amount of impurity scattering

[16, 17] and hence the carrier mobility increases. Consequently MODFETs are also

known as high electron mobility transistors, or HEMTs. A quantum well can be

formed at the interface of a semiconducting material, such as GaAs, with a large

band gap insulating layer, such as AlGaAs. The modulation doping profile is located

in the insulating layer, that raises the equilibrium Fermi level to above the conduc-

tion band inside the semiconductor and at the interface. A thin triangular quantum

well at the hetero-junction is then populated by electrons, that forms the conducting

channel. A gate contact is typically fabricated on top of the insulating layer, and by

applying a voltage to this contact, the density of the 2DCS can be controlled. The

charge concentration of this 2DCS layer at equilibrium is found by [31]:

ns0 = (DOS)
kBT

q
ln

[(
1 + exp

{
q

kBT
[V + − E0]

})(
1 + exp

{
q

kBT
[V + − E1]

})]
,

(1.31)

in which DOS is the density of state for a 2D system, q and kB represent electron

charge and Boltzmann constant, respectively, and V + is the potential at the semi-

conducting side of the heterointerface. Additionally, in Eq. 1.31, we have:

E0 = γ0n
2/3
s0 (1.32)

E1 = γ1n
2/3
s0 (1.33)

Here γ0 ≈ 2.5 × 10−12eV cm4/3 and γ1 ≈ 3.2 × 10−12eV cm4/3 for GaAs. It can

be seen from Eq. 1.31 that the density ns0 depends on interface potential at the
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semiconducting side, V +. At equilibrium V + and Fermi level coincide, however, by

changing the gate voltage this potential, and hence ns0 can be varied.

1.3.2 Density modification through photon-generated charge carriers

Unlike metals, in semiconductor materials, light can be absorbed and an electron-

hole pair (EHP) is generated as a result. Any photo sensitive device operates based on

physical separation of the light-generated carriers by a local electric field. Collection

of the EHP by an external circuit is the basis of operation for many photodetectors.

It is possible to separate and deposit the optically generated EHPs in a 2D reser-

voir of charge, hence manipulating the charge density of a 2DCS. Consequently, any

physical property of the 2D system that is a function of its density can be manip-

ulated by the additional EHPs. This method constitutes many optoelectronic and

photonic applications for devices that include a 2DCS.

1.3.3 Collective properties of a 2DCS

The manipulation methods of Secs. 1.3.1 and 1.3.2 change the overall density of

the 2DCS from its equilibrium value, through subtraction, addition or deposition of

carriers. These alterations can be done both locally or globally. Another class of

2DCS manipulation, however, is achieved by locally “tweaking” the 2DCS density,

while keeping the overall density of the 2D plane constant. As a result, an imbalance

in the local electric field among the carriers and the background is induced and

transferred to other regions of the 2DCS. Equivalently, a charge density wave (or a

plasmon) can be launched in the 2DCS by a local excitation of density [65, 67, 68].

The properties of such waves are the subject of the plasmonic field [65, 68], has been

recently extended to novel materials such as in graphene [69]. Energy relaxation

through propagation of plasmon has significant applications in various fields, such as
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nano photonics [68] and specifically in Terahertz electromagnetic wave detection and

generation [70].

1.4 Utilization of 2D fermion systems in semiconductor devices

Many modern electronic devices utilize the 2D fermion system. Primarily in MOS-

FETs the inversion and accumulation layers are dynamic 2D charge systems. Fur-

thermore, various photonic and optoelectronic devices function based on properties

of 2D charge systems. Here a few important applications of a 2DFS in semiconductor

devices is presented.

Voltage controlled capacitors, or varactors, have many applications in microwave

circuits, namely in RF filters [71, 72, 73], voltage-controlled oscillators [74] and fre-

quency multipliers [75]. Primary figures-of-merit for performance of varactors are

tuning ratio (TR) and quality factor, Q. The TR = Cmax
Cmin

, indicates the range that

the capacitance can be varied, where Cmax and Cmin are the maximum and minimum

capacitances, respectively, in the capacitance-voltage characteristics (C-V) of a var-

actor. The quality factor, Q, is a measure of the stored to dissipated energy; with a

trade-off generally expected between TR and Q [76]. Additionally, a voltage sensitiv-

ity (S) is quantitatively defined by S = dC
dV
× V

C
, and indicates the normalized rate of

change in the capacitance with respect to the applied voltage [77, 78], showing how

abrupt in voltage the capacitance can vary within the tuning range. Importantly,

sensitivity S demonstrates the level of nonlinearity in C-V, required for frequency

multiplication applications.

Since varactors are typically made of vertical parallel plates, their minimum con-

ceivable capacitance will be bound by a rather large geometric plate capacitor. This

limitation can be changed by substituting the varactor architecture with that of a

planar metal-semiconductor-metal (MSM) structures. These devices consist of two
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coplanar Schottky metal plates and hence have a small geometric capacitance. They

are mainly used as low-noise high-speed photodetectors [79, 80] where photo generated

carriers are rapidly collected by the electric field between the contacts. The Schottky

contacts also produce the requisite small capacitance for high-speed photo-detection.

If applied as a varactor, however, typical MSMs do not incur a large maximum ca-

pacitance. Furthermore, the capacitance does not vary significantly with applied bias

voltage3, hence the TR for a conventional MSM becomes insignificant. Conversely,

unconventional MSMs have been proposed that incorporate 2D systems of electrons

or holes for varactor applications with the added advantage of sensitivity to light

[29, 77, 78, 81]. While MSM-based varactors may display TRs of over 100, those

incorporating 2D charge, have reported values as large as 1000 [27, 29], which is the

largest among the TRs for various varactor technologies [76], including those based

on MOSFETs [82], MEMS [83] and hetero-structures [29, 75, 84, 85, 86]. Moreover,

MSM varactors benefit from an existing fabrication process that is compatible with

HEMT technology, based on either GaAs or InP substrates, and is hence ideal for

monolithic microwave integrated circuits[29, 85]. These MSM varactors have a large

no-bias parallel-plate capacitor comprised of the cathode as one plate and the under-

lying 2DES as the other. The gradual depletion of the confined charges by an applied

bias voltages, Vbias reduces the capacitance to the small geometric value of a pla-

nar MSM. Consequently very large TRs are achieved. Moreover the current-blocking

Schottky contacts ensure large quality factor. Moderation of internal quantum me-

chanical energies, such as exchange energy of an unconventional contact, comprised of

a system of two-dimensional charge carriers, improves performance merits of variable

capacitors, varactors, mainly in the TR and sensitivity, S. Energy transfer from the

unconventional contact to the dielectric increases energy density and enhances the

3i.e. see Fig. 1.3
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capacitance of the varactor.

1.4.1 Correlated 2D fermion systems for design of new semiconductor

device

There exists a vast theoretical work on the properties of a many fermion system

that are related to the inter-particle correlations with many comprehensive reviews

articles on this subject [87, 88]. The practical applications of such systems that

are associated with the many-particle features are still scarce. The exchange and

correlation energies of a 2DFS can be stored in a dielectric of a plane capacitor [89].

Consequently, the energy density of the capacitor dielectric can be increased and the

overall capacitance is enhanced. This is an important feature that is proposed to

serve an alternative to application of high-κ dielectric materials for gate capacitance

ehncements in FETs [26].

This dissertation reports on design, fabrication and analysis of an unconventional

MSM varactor with an embedded 2D electron system fabricated in a HEMT com-

patible GaAs/AlGaAs system. The tuning range of these devices exceeds well over

5000, which surpasses previous reports while maintaining a Q of greater than 30 that

is comparable to typical HEMT-based varactors [76]. Classical analysis of the device

capacitance indicates that the electric field alterations by the underlying high-density

2DES accounts for device performance. By localizing density manipulation of the

2DES to the region underneath the reverse biased contact, the no-bias capacitance

(C0V ), is twice the previously reported values [81]. Furthermore, total depletion of

the 2DES underneath the cathode at large Vbias, while preserved elsewhere, reduces

Cmin to a stray capacitance between cathode and the preserved 2DES, which falls

below the geometrical capacitance of a conventional MSM that lacks 2DES. Finally,

this MSM-2D varactor has voltage sensitivity as large as 370, a critical quality for
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usage as a switched-capacitor, but without the requirement for additional switching

elements. The MSM-2D varactor combines the unconventional features of 2DES with

superior electrical properties of MSMs.

Importantly capacitance of capacitors in which one or both plates are made of

a two-dimensional charge system (2DCS) can be increased beyond their geometric

structural value. This anomalous capacitance enhancement (CE) is a consequence

of manipulation of quantum mechanical exchange and correlation energies inside the

ground state energy of the 2DCS. Macroscopically, it occurs at critical charge den-

sities corresponding to transition from an interacting “metallic” to a non-interacting

“insulator” mode in the 2D system. In this dissertation this concept is applied to a

metal-semiconductor-metal capacitor with an embedded two-dimensional hole system

(2DHS) underneath the plates for realization of a capacitance-based photodetector

[33]. Under sufficient illumination, and at critical voltages the device shows a giant CE

of 200% and a peak-to-valley ratio of over 4 at probe frequencies larger than 10kHz.

Remarkably, the light-to-dark capacitance ratio due to CE at this critical voltage is

well over 40. Transition of the 2DHS from insulator to metallic, enforced by charge

density manipulation due to light-generated carriers, accounts for this behavior, which

may be used in optical sensing, photo capacitors, and photo transistors.

1.5 Review of metal-semiconductor-metal devices

Metal-semiconductor-metal (MSM) devices are comprised of two coplanar metallic

contacts on a semiconducting substrate. Since a metal-semiconductor junction (MS)

can either be an Ohmic or a Schottky contact, three different devices are expected

for a device with two MS contacts:

• If both MS contacts are Ohmic, the resulting device is mainly modeled through

the properties associated with semiconductor portion of the device. In such a
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device, each MS contact is modeled by its associated contact resistance. A very

simple example of this category is a photoconductor, in which deposition of light

generated carriers inside the semiconductor significantly changes the overall

resistance of device. A more complicated device can be a MOSFET, in which

two Ohmic MS contacts, for the source and the drain terminals, are connected

through a channel. The conductivity of this channel is then controlled through

a third gate terminal. MOSFETs are specifically interesting for the purpose of

this dissertation, as they include a 2DCS as the channel, and provide a source

of comparison for the unconventional metal-semiconductor-metal structure that

will be discussed in the later sections of this chapter. Due to extensive research

on MOSFETs, the properties of a device with two ohmic contacts and a 2DCS

is very well known and documented [39].

• A device with one Schottky and one Ohmic MS contact with a semiconductor

in between comprises a Schottky diode that has been very well studied and

characterized since 1940s upon the modeling proposed for metal-semiconductor

junction by Mott and Schottky [66, 90, 91, 92].

• The third category includes semiconductor devices with two Schottky MS con-

tacts as their terminals. The simplest format of this device is two co-planar

MS contacts on an undoped semiconductor. This metal-semiconductor-metal

(MSM) device can be assumed as two back-to-back Schottky diodes. This as-

sumptions deems to be insufficient for explanation of device performance when

applied as a photodetector. MSMs are widely used for photodetector properties

due to their fast response time, and superb noise performance [36, 80, 93, 94].

Since the device architecture of MSMs comprises the basis structure for the

devices that are discussed in this dissertation, a brief review of these devices is

presented in the remainder of this section.
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1.5.1 A conventional metal-semiconductor-metal structures with Schot-

tky contacts

Metal-semiconductor-metal (MSM) structures are a set of optoelectronic devices,

with major applications in photon detection [95, 96]. These devices are composed of

two Schottky metal-semiconductor contacts that share the semiconducting structure

as the absorption medium. In these photonic devices electron-hole pairs (EHP) are

generated by absorption of incident photons, transported, and collected at the con-

tacts by the electric field in the absorption medium. Consequently, a successful event

of detection requires generation of an EHP by an incident photon, and separation

and collection of EHP at the respective contacts before occurrence of recombination

of EHP. Figures of merit for performance of photodetectors are light sensitivity and

speed of response. Hence a large quantum efficiency, and a low noise/dark current

are pursued in design of a highly sensitive MSM detector. Furthermore a fast carrier

transport mechanism and short carrier life times are essential in a fast photodetector.

Employment of Schottky metal-semiconductor junctions as the contacts provides

a very low dark current in the MSMs, and a superior noise performance over other

technologies such as p− i− n and avalanche photodetectors. The latter technologies

typically require highly doped p− and n−doped regions on which deposition of a

quality Schottky contact is difficult. Furthermore, the planar structure, use of un-

doped layers, low dark currents and minimal capacitance of MSM make them an ideal

candidate for microwave photonics integrated circuits [97].

Speed of operation and the dynamic behavior for the MSMs, are generally deter-

mined by the two following categories:

• RC time constant of the metal-semiconductor-metal structure [98]. MSMs ben-

efit from very low dark capacitance, and this is the main advantage of MSMs.

For instance, in the case of an MSM and p-i-n photodetector with comparable
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sizes, the former can have capacitance values of up to three times less than

the latter [97]. This is mainly due to the planar structure of the MSM, which

minimizes the geometric capacitance between the contacts. Conformal map-

ping techniques are applied to calculate the capacitance per unit area, Cgeo for

two coplanar contacts with spacing S and width D on top of a semi-infinite

semiconductor with relative permittivity εr as [99]:

Cgeo = ε0.(1 + εr).
K(k)

K(k′)
, (1.34)

with

K(k) =

ˆ π
2

0

dφ√
1− k2sin2φ

, (1.35)

k = tan2

[
π

4
.

D

S +D

]
, k′ =

√
1− k2. (1.36)

Fig. 1.3 shows the capacitance-voltage (C-V) characteristics for a set of MSM

devices, that were fabricated on a GaAs substrate. An HP4284A LCRmeter was

used for obtaining the C-V. The measurements were performed at 1 and 10kHz

of probe frequency, with a 30mV oscillating voltage, and at room temperature.

The contact pads are coplanar square shape Au/T i metals with “small” 100×

100µm2 and “large” 150 × 150µm2 sizes, and various spacings of 5 and 20µm.

With this rather large contact area, the measured capacitance remains in tens

of femtoFarad, while for a p − i − n photodiode with similar carrier transit

times as of this MSM, the capacitance is reported to be in sub-picoFarad range

[97]. The capacitance value drops up to one order of magnitude, when the

probe frequency is increased from 1 to 10kHz. This decline in capacitance is

attributed to the slow interface states at the Schottky-semiconductor junction
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[100]. This happens because at lower frequencies the interface states can follow

the oscillating voltage and yield an excess capacitance. In the high frequency

limit, however, the interface states cannot follow the signal. This makes the

contribution of interface state capacitance to the total capacitance negligibly

small.
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Figure 1.3: Capacitance-Voltage characteristics for a conventional MSM with GaAs
as the absorption region.

• Carrier transit time inside the MSM structure [101]. It is desired to minimize

the light generated carrier transit time without sacrificing the sensitivity and the

quantum efficiency, or entering the MSM device into the breakdown region due

to applications of high fields. Among the materials of choice as the absorption

medium, GaAs has the largest mobilities and hence has commonly appeared

in MSM photodetectors. Even in this case, however, the transit time will be

limited by velocity saturation of electrons at high fields, as well as by much
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heavier, hence slower holes. In general, the transit-time limited cut-off frequency

is highest for a contact spacing S and the absorption region of thickness Wa,

when [102]:

S

Wa

≈ 0.5 (1.37)

More advanced approaches for improving the dynamics of MSM photodetectors

is by using materials, such as low-temperature grown GaAs [103], with short

carrier life time [94]. Such MSM photodetectors are demonstrated for detection

in terahertz frequencies [94, 104].

A comprehensive review on on MSM structure can be found elsewhere (e.g. Zhao

[105]; Seddik [106]).

1.5.2 Hetero-junction MSM devices

In order to decrease the dark current and noise in the MSM photodetectors, a

barrier enhancer layer can be stacked on top of the absorption region. This layer has to

have a larger band gap, compared to the underlying absorption region. Consequently,

thermally generated electrons (hole) require to overcome an energy barrier at the

interface, which is equal to conduction (valance) band offset of the two materials, in

order to reach the metal contacts to contribute to the dark current. This increased

barrier, eventually, reduces the amount of dark current. Adding a top layer with a

larger band gap, compared to the absorption region, constitutes a heterostructure

metal-semiconductor-metal (HMSM) photodetector.

The layer structure of an HMSM is similar to that of high electron mobility tran-

sistors (HEMTs), hence its fabrication does not impose any major challenge as it

follows the well-established growth technology of HEMTs. Consequently HMSMs are

notable candidates for microwave photonic integrated circuit applications.
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1.5.3 Distribution of electric field lines inside a conventional HMSM

As described in previous chapters, HMSMs function based on E-field assisted

collection of photon generated EHPs inside the absorption region of the device. Con-

sequently the distribution of the electric field lines inside the photodetector has a

significant effect on the performance merits of such devices. Fig. 1.4 visualizes the

electric field distribution inside an HMSM with 2µm of contact spacing. This result

was calculated through numerical solutions to Poisson and drift-diffusion equations

by Synopsys SentaurusTM device simulation package. This HMSM is composed of a

top AlGaAs barrier layer with a thickness of 50nm. It is then followed by a 100nm

GaAs absorption region which is grown on top of a 500nm GaAs buffer layer. All

these layers are on top of a GaAs substrate. The electric field lines has a dominant
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Figure 1.4: Calculated electric field line distribution inside a conventional HMSM
device at equilibrium (left) and under 5V of bias voltage (right).
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horizontal component in the bulk of the device. For EHPs that are generated in the

GaAs absorption region, the election and hole get separated by the electric field and

travel the distance from the point of generation to the collection at the contacts in

alignment with the electric field lines. Since the speed of operation for an MSM is de-

termined by the travel time of the light generated carriers, it is essential to minimize

the travel path. This can be done by reducing the physical separation of contacts,

which also reduces the device sensitivity. Any solution that can maintain the device

sensitivity, while enhancing the response speed, becomes desirable. One approach

to this is to alter the electric field landscape of the MSM through introduction of a

2DFS.

1.5.4 An HMSM with an embedded 2DFS

The electric field in the surrounding medium of a plane of charge can be found by

applying Gauss’s law, also derived in Sec. 1.2.1.2. In this case, the electric field lines

will be normal to the 2D plane. With embedment of a 2DFS in the layer structure

of an HMSM, the landscape of E-field lines can be varied. If this new MSM-2DFS

device is utilized as a photodetector, it is expected that the light generated EHPs

travel a shorter distance to be collected at the contacts. Light generated carriers

will be moving vertically toward the contacts, and the large horizontal travel path is

then avoided. At the same time, since the physical dimensions of the device is not

changed, the sensitivity factor of the MSM-2DFS photodetector is not compromised.

A practical HMSM device with an embedded two-dimensional hole gas, in which

the vertical field in the MSM structure is created by a 2-D gas that transforms a

conventional lateral MSM device to a vertical one, and although remaining as a planar

structure, it allows a device design for high-speed performance without sacrificing the

external quantum efficiency [36, 77].
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Poisson and drif-difussion equations were solved numerically by Synopsys SentaurusTM

device simulation package to obtain the conduction band energy (CBD) of HMSMs

with and without a 2DES. Fig. 1.5 compares the (CBD) for an HMSM without (left)

and with (right) an embedded 2DFS under 5V of bias voltage. The former has the

same layer structure as that of Fig. 1.4 (see Sec. 1.5.3), while the latter incurs a 2DES

layer at the GaAs/AlGaAs interface. The CBD has a gradual decline between the

contact pads for the former case. It indicates the extent of horizontal travel path

for EHPs before collection at the contacts. In contrast, for a device with a 2DFS,

the CBD has an evident vertically-oriented drop across the absorption medium with

an abrupt drop in potential at the edge of the contact. No significant horizontal

variation in CBD is seen in the region between the contacts. Consequently, the light

generated EHPs may travel a much shorter vertical distance to arrive at the collecting

terminals. The idea here is to facilitate the horizontal transit of the EHPs through a

high mobility medium of the 2DFS. It is shown that the 2DFS layer can enhance the

dynamic response of an MSM photodetector by using an alternative energy relaxation

mechanism, in place of the conventional light-generated charge transport [107].

1.6 Scope and organization of this dissertation

1.6.1 Statement of the problem

The main subject of study in this dissertation is the influences of an embed-

ded 2D charge system (2DCS), as a counterfeit metal, on performance of metal-

semiconductor-metal devices. Specifically, the following inquiries are addressed:

• How does spatial (localized vs. global) density manipulation affect device per-

formance?

• How do microscopic exclusively quantum energy terms of a 2DCS affect macro-
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Figure 1.5: Calculated conduction band energy for HMSM devices under 4.5V of bias
voltage and without a 2DES (left) and with an embedded 2DES (right).

scopic functions?

• What engineering application does such an unconventional device have?

1.6.2 Methodology

A phenomenological approach is taken to describe the capacitive behavior of a

new family of unconventional devices. The design of these devices are based on MSM

structures with embedded 2DCS. This selection benefits from ease of fabrication as

the planar architecture of MSMs is compatible with that of the HEMTs. Hence,

no major challenge is expected in growth of the layer structure and fabrication of

the contacts. Furthermore, GaAs is selected as the substrate for all of the devices

that are discussed in this dissertation. Since GaAs is a direct-band-gap material, the
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unconventional devices are suitable for photonic applications.

The design of the layer structure for the devices is performed with the aid of

numerical calculations by a self-consistent Poisson-Schrödinger equation solver. Met-

alorganic vapor phase epitaxy (MOCVD) is used for growth of the layer structure,

which is performed by IQE plc, a commercial semiconductor manufacturing company.

Fabrication of contacts on the devices is done by standard e-beam and optical lithog-

raphy methods at Drexel University, Philadelphia PA, Brookhaven National Lab,

Upton NY, and Institute for Microelectronics and Microsystems, Lecce Italy.

The MSM-2DCS devices are mainly characterized by capacitance- and current-

voltage measurements. The measurement apparatus includes an HP4284A LCRmeter

and a Keithley 6487 pico-ammeter to obtain the capacitance and current values,

respectively. These measurements were conducted under various conditions including

at dark, under illumination, at cryogenic temperatures, and under magnetic field.

Finally, the unconventional devices were modeled and analyzed, numerically and

theoretically. Synopsys SentaurusTM simulation package was used for semi-classical

calculations and visualization of electric field, energy band diagram, and carrier con-

centration in devices. Poisson and drift-diffusion equations were solved for this pur-

pose. Physics of many-body quantum systems were studied and implemented for

description of the exotic features in the capacitance-voltage (C-V) characteristics of

the MSM-2DCS devices.

1.6.3 Contributions of this dissertation

In this dissertation, significant electronic properties of two-dimensional fermion

systems (2DFS) are presented, in both verification of theories of quantum mechanics

and in engineering applications in electronics, photonics and optoelectronics. A new

family of unconventional devices is designed, fabricated, characterized, and analyzed.
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The main design feature of these unconventional devices is embedding of a 2DCS

in the planar structure of an otherwise conventional MSM photodetectors. The ca-

pacitive performance of these unconventional MSM-2DFS devices are characterized

by performing admittance spectroscopy measurements under various experimental

conditions. Specifically, the C-V characteristics of these MSM-2DFS devices, exhibit

large dependencies on applied bias voltage and/or the intensity of the incident illu-

mination. A giant capacitance enhancement (CE) in the C-V characteristic is the

distinct feature of this device. The amount of CE can be manipulated by applying a

bias voltage or deposition of light-generated carriers. This remarkably improves the

performance of the MSM-2DCS device as a voltage controlled capacitor and provides

a new method for capacitance-based photodetection. This capacitor is modeled by

accounting for the quantum mechanical exchange and correlation energy term in the

interacting 2DCS. The theories of operation that are developed in this dissertation

can be implemented for more complex devices, such as edge 1-dimensional electron

systems and nanowires.

1.6.4 Outline of the chapters

Chap. 1 of this dissertation discusses the significance of the two-dimensional

charge systems, and provides a review on performance of the conventional meta-

semiconductor-metal structures. Specifically, the unique physical features of a 2DCS

and the material systems at which it can be achieved are presented at Sec. 1.1. Prop-

erties of many-electron systems are described at Sec. 1.2 and the distinctions between

a classic vs quantum mechanical approach are constituted. At Sec. 1.3, common

methods for manipulation of properties of a (classic and quantum) many-electron

system are explained. Sec. 1.4 presents the functionalities that may be obtained by

inclusion of a 2DCS in semiconductor devices, with an emphasis on its application in
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varactors. Finally, Sec. 1.5 reviews the performance of MSM photodetectors as a basis

for the unconventional MSM-2DCS devices that are discussed in this dissertation.

In Chap. 2 an unconventional MSM device with an embedded 2D electron system

(2DES) is introduced. The design specifics and performance characteristics of this

device are discussed at Sec. 2.2 and a model is implemented for the device based on

semi-classical calculations on the electric field and electron density in the device. In

Sec. 2.3 the C-V characteristics of the MSM-2DES is inspected and various applica-

tions are identified for the MSM-2DES device. It is shown that this device is a varactor

with record breaking figures-of-merit. Sec. 2.4 discusses sub-families of MSM-2DES

device in which slight structural modifications in the device layer structure alter the

2DES density; hence new functionalities for these devices are identified.

The theoretical background of quantum many-electron systems is presented in

Chap. 3. Specifically, the formalism for 2D fermion system is described in Secs. 3.2,

3.3, and 3.4 and quantum exchange and correlation energies are identified in Secs. 3.3

and 3.4. The concepts of compressibility and phase transition are described in

Secs. 3.2 and 3.3. Furthermore, the concept of the capacitance as an energy storage

device is revisited in Sec. 3.5 and exchange and correlation capacitances are defined

at Sec.3.5.4.

Manipulation of exchange and correlation energies by a bias voltage and light-

generated carriers are discussed in detail at Chap. 4. The “Batman” shape capac-

itance enhancement in the C-V of the MSM-2DES capacitor is explained based on

manipulation of exchange and correlation energies of the 2D layer in Sec. 4.1. At the

same section, a capacitance-mapping technique is used to investigate the source of

a giant “sail” shape enhancement in capacitance of MSM-2DES device under light.

Energy moderations inside the edge of the 2DES, as a quasi-1D electron system, may

hypothetically account for the “sail” CE. Finally, an MSM device with an embedded
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2D hole system is introduced at Sec. 4.2. In this device the density of the hole layer is

judiciously design to remain below a critical value in dark. With an incident illumi-

nation, the density is raised above the critical value by deposition of light-generated

carriers. This appears as giant “Batman” shape CE in the C-V characteristics under

light, while totally absent in the dark. Hence, a new capacitance-based photodetec-

tion mechanism is suggested at Sec. 4.2.

Finally, at Chap. 5 the contributions of this dissertation are once again reviewed

at Sec. 5.1. A road map for future work is defined, mainly in applying the concepts of

many-electron systems to more complex structures. Specifically, an MSM-device with

bi-layers of electron and hole, and 1-dimensional core-shell nanowire structures are

suggested at Secs. 5.3 and 5.4, respectively, that are potential candidates for further

in-depth investigations.
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2. A versatile MSM device with an embedded 2D charge system

2.1 Introduction

Conventionally, metal-semiconductor-metal structures are used as photonic de-

vices for photon detection through transport of light-generated charge carriers. Such

devices perform based on transport properties of light generated mobile charge carri-

ers and associated considerations, as was discussed earlier in Sec. 1.5. It is desirable to

reduce carrier travel path, while maintaining absorption cross section to be high. This

requires inclusion of new mechanisms for collection of carriers, other than the mere

field-assisted collection. With embedding of a 2DCS layer inside a layer structure,

the dominant horizontally-oriented electric field of a planar device can be altered into

a vertical field. In this chapter an unconventional metal-semiconductor-metal device

with a 2D electron system is described, modeled and analyzed. This device exhibit

remarkable performance characteristics as a variable capacitor.

2.1.1 Semi-classical approach for device analysis

As mentioned in Chap. 1, in quantum mechanics a system of particles is com-

pletely described by a set of wave functions. The significance of these functions is in

their representation of likelihood of finding a particle in a specific location and at a

certain time. Additionally, according to the Planck-Einstein equation the energy of

the system can only take discrete values. Equivalently, the energy of the system is

quantized. A mathematical model that includes both of the features of wave-matter

duality and quantization of energy is the Schrödinger equation. The solution to this

linear partial differential equation is a set of eigenfunctions and eigenvalues that cor-

responds to the wave functions, Ψ, and allowed energy levels, E, of a given system,
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as the following:

i~
∂

∂t
Ψ = ĤΨ, (2.1)

in which ~ is the reduced Planck constant, Ĥ is the Hamiltonian operator that rep-

resents the total energy of the system, similar to classical mechanics. It includes the

kinetic energy operator, T̂i for the particle i, as well as the potential energy operator,

V̂ :

Ĥ =
∑
i

T̂i + V̂ . (2.2)

The Hamiltonian operator, Ĥ, is defined according to the specifics of a given

problem. In the Scrödinger picture, however, it is assumed that the Hamiltonian is

time independent and any time evolution is included in the wave function only [108].

Consequently, the state function can be separated into two part:

Ψ(r, t) = ψ(r)τ(t). (2.3)

ψ(r) is found through the solution to the time-independent Schrödinger equation:

Ĥψ = Eψ (2.4)

The overall state function, hence becomes Ψ(r, t) = ψ(r).e
−iEt

~ . Equivalently,

the state function propagates periodically in time with a space position probability

density of ψ(r). It is customary to apply Dirac’s notation for state function and

operators, hence for the Schrödinger picture, the state vector becomes:

|Ψs(r, t)〉 = e−iĤt |Ψs(r, 0)〉 (2.5)

Here the subscript s indicates a state vector obtained through applying the Schrödinger
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picture. In typical electronic devices, that are based on solid crystal structure, the

periodicity of the lattice, with wave vector k, is introduced to the Schödinger equation

of Eq. 2.4. By applying Bloch’s theorem [109], the energy eigenstates for an electron

in the crystal can be written as Bloch waves:

|Ψs(r)〉 = eik.r |u(r)〉 , (2.6)

in which |u(r)〉 is a periodic function with the same periodicity as the crystal. Ap-

plying Eq. 2.6 to crystals established the well-known electronic band theory (EBT) by

which many physical properties of solids, such as electrical resistivity and optical ab-

sorption can be explained. Specifically, EBT simplifies treatment of typical electronic

devices by allowing a classical single electron approach. It, however, sets constraints

on charge carriers through assumption of an effective electron mass, m∗, for a lattice,

as well as conduction of carriers in separate energy bands. These, altogether, consti-

tute a semi-classical analysis of solid-state devices, in which classical laws of physics

control the electronic properties of charge carriers that have the form of a Bloch wave

of Eq. 2.6.

2.2 “Unconventional” metal-semiconductor-metal devices

2.2.1 An MSM-2DES device with an auxiliary p-type delta doping

A 2D electron charge is introduced to a planar HMSM structure, by a triangu-

lar quantum well (QW), and by replicating the techniques of using a delta-doping

profile, which is routinely applied for high electron mobility transistors (HEMTs).

The distinctive difference of the resultant device, with HEMTs, is on the type of the

metal-semiconductor contacts. While the latter has two Ohmic contacts, as drain and

source, connected to the 2D channel, here two Schottky metal-semiconductor contacts
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are fabricated on top of the layer structure. This significantly simplifies the device

fabrication process, as it does not require any annealing requisite for Ohmic contacts.

Such MSM devices with an embedded 2D charge system was previously proposed and

characterized by our research group and others [29, 36, 77, 81, 110, 111, 112].

In this dissertation, a new MSM device with a 2D electron system (2DES) is pro-

posed, in which an auxiliary p-type doping layer, in addition to the main modulation

profile, is used to increase band bending and to enhance confinement of electrons

inside the quantum well. This is shown in detail in Sec. 2.2.1.1.

2.2.1.1 Layer structure

On a GaAs buffer layer, 500nm GaAs was grown by molecular beam epitaxy

(MBE), followed by 50nm of Al0.3Ga0.7As. An n-type 5.0×1012cm−2 Si delta-doping

(DD) layer was grown 5nm away from the hetero-interface on the AlGaAs side to

produce free 2D cloud of electrons in GaAs, similar to HEMTs. In addition, growth

of a p-type (C-doped) 6.25 × 1011cm−2 DD layer 100nm away from the interface on

the GaAs side increases band bending, hence carrier confinement, which was shown

by Hall measurement at 300K to be 6.2 × 1011cm−2 at AlGaAs/GaAs interface.

Schottky contacts were defined by optical lithography, Ti (10 nm)/Au (90 nm) metal

deposition, and subsequent lift-off. Measured low dark currents–in picoamp range–

indicate a negligible effect of surface states at metal-semiconductor interface. The

specifics of the contact layouts are shown in Figs. 2.1 and 2.2 at this chapter and in

Fig. B.2 at Appendix.B, and will be discussed in Sec. 2.2.1.2. The calculated energy

band diagram (EBD) of the doped wafer, in a direction normal to the contacts and

at equilibrium, is shown in Fig. 2.1(b). The calculations are performed by a one

dimensional self consistent Poisson-Schrödinger solver [113]. A triangular quantum

well (QW) is formed at the GaAs/AlGaAs hetero-interface and on the GaAs side.
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Figure 2.1: a) Layer structure for the MSM-2DES devices, b) calculated energy
band diagram and carrier concentration in the growth direction, c,d) contact lay-
out specifics.

The QW is populated by electrons as indicated by the Fermi level position.

2.2.1.2 Device Layouts

Several contact patterns were fabricated on the substrate in different layouts, each

of which assists in probing different metrics of device performance. Specifics of these

designs are indicated in Figs. 2.1,2.2, and B.2. All the devices discussed in this disser-

tation follow the similar naming convention for their contact geometry. Mainly, the
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TLM structures [114] were fabricated with various spacings in a 0.5 − 40µm range.

Two contact sizes were selected: a “small” 100× 100µm2 and a “large” 150× 150µm

with a square shape geometry. Any two adjacent contact pads in a TLM structure

constitute a single device, and the majority of the devices here incur such format.

Several other geometries were also fabricated that include eccentric circular pads,

interdigitated structure with Ground-Signal, Ground-Signal-Ground, and Transmis-

sion Line connection pads. The characteristics of the devices with the more complex

geometries, however, carry numerous interesting features, and the respective physical

explanation can exhaust the intention of this dissertation. Hence, such characteristics

are addressed in the appendices.
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2.2.2 A control MSM device with suppressed 2DES

A second set of identical devices to the MSM-2DES ones were also fabricated that

suppressed the 2DES through the omission of n-delta doping layer from the growth

process. These control devices were intended to probe the influence of the 2DES on

the performance of the device. It is to be noted that the layer structure for the control

MSMs still include the auxiliary p-doping layer.

2.2.3 Electric field distribution in an MSM-2DES device

Fig. 2.3 shows the calculated electric field inside the MSM-2DES, at equilibrium

and under a finite bias value. They show that the electric field distribution inside

the device has a dominant vertical component. This is in contrast with the electric

field inside conventional MSM, that was shown in Chap. 1 (Fig. 1.3). Hence with

placement of a 2D charge layer inside a conventional MSM, the electric field landscape

changes from a horizontal to a pre-dominantly vertical format. This has been shown

to enhance the performance of this device for fast photodetection.

In order to probe the subsurface electric field, electron beam induced current

(EBIC) measurement was performed on the MSM-2DES device to verify the electric

field calculations of Fig. 2.3. In this technique, an electron beam (e-beam) is incident

on the device under test(DUT). The location of the e-beam can be varied precisely,

and at each point the current flow through the terminals of the DUT is recorded. The

electrons that are induced in the bulk of the device by the e-beam are collected at the

terminals. Depending on the local and external electric field, the current recording

will be different for every e-beam location. Additionally, since the energy of the e-

beam can also be controlled, the depth of penetration of the electron beam inside

the device can be changed. Consequently, the current readings bear information on

the all the three dimensions of the DUT. Notably, when there is no bias applied to
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Figure 2.3: Calculated electric field line distribution inside the MSM-2DES device at
equilibrium (left) and under 5V bias (right).

.

the terminals of DUT, the EBIC mapping of the device will indicate the energy band

structure.

For the MSM-2DES, the planar structure of the device suggests that the measured

current by EBIC represents the strength of horizontal component of the electric field.

An SEM image and EBIC images of the MSM-2DES device for TLM pattern with

5µm contact separation are shown in Fig. 2.4. Under equilibrium, a thin bright

(dark) band is visible at the edge of cathode (anode). These bands correspond to

the fringe electric field lines between the contact edge and the n-delta doping layer

(Fig. 2.3). Interestingly, with application of a bias voltage, the width of the edge

bands in the EBIC do not increase. This indicates that the electric field can not

penetrate horizontally in the region between the contacts, and it is being screened by

the 2DES and the delta doping charge layer. This feature has a significant effect in
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the capacitive performance of the device, as will be discussed in the following sections.
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Figure 2.4: a1-3) SEM images of the MSM-2DES devices, b1) SEM image for an
MSM-2DES device with 7µm-gap size, b2,3) corresponding EBIC images under var-
ious bias voltages, c1) magnified SEM image displaying the region by the cathode
edge, and c2-4) corresponding EBIC images under various bias voltages highlighting
the depletion region.
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2.2.4 Electric field distribution in the control device

It is expected for the electric field landscape of the control device to resemble

that of a conventional MSM, with more horizontal alignment of the field lines. The

calculated field lines, (Fig. 2.5) shows that at equilibrium, the fringe field lines pen-

etrate more into the gap region between the contacts, when compared with that of

the MSM-2DES device. Under 5V bias, this penetration becomes evident as field line

spread into the gap region and closer to the other contact. Noticeably, the existence of

the auxiliary p-delta doping layer adds a vertical component to the field line. Overall,

the landscape for the control device is a transition between that of MSM-2DES and

the conventional devices.
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Figure 2.5: Calculated electric field line distribution inside the “control” device at
equilibrium (left) and under 5V bias (right).
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2.2.5 Energy band diagram of the MSM-2DES under bias voltage

Calculated conduction band energies under Vbias = 5V are shown in Figs. 2.6 for

MSM-2DES capacitor and the control device. It indicates that the control device

has a gradual voltage drop across the ‘gap’ region between the contacts, while in

the MSM-2DES device all the potential abruptly drops at the cathode edge, and it

remains equipotential elsewhere in the device. This is because the preserved 2DES

layer screens the electric field lines at the cathode edge and prevents the penetration

of field lines in the lateral direction under applied bias.
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Figure 2.6: Calculated conduction band energy for MSM-2DES (left) and control
devices (right) under 5V of bias.
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2.2.6 Current-Voltage characteristics of MSM-2DES device

The current-voltage (I-V) characteristics of the MSM-2DES device was measured

by a Keithley 6487 pico ammeter at room temperature, and shown in Fig. 2.7. The

vertical electric field landscape affects the I-V characteristics significantly. Inspection

of calculate E-field of Fig. 2.3 indicates that there exists a strong electric field at

the cathode edge of the MSM-2DES device, that is further enhanced under bias. The

breakdown field of AlGaAs is EBreakdown ≈ 4×105 [115], and the internal electric field

exceeds 106V/cm under 5V of bias, hence a breakdown is expected. Such prediction

is reflected in the I-V characteristics of the “large” MSM-2DES device, also shown in

Fig. 2.7, as the current levels reach values greater than 10µA at Vbias > 4V . A major

contributing factor to the very large dark current of MSM-2DES device is the close

placement of the n-type delta doping to the contacts. This results in the formation

of a large electric field at the edges, and significantly reduces the breakdown voltage

as well. For smaller bias voltages (0V ≤ Vbias < 1V , however, the current level

remains less than 10nA. A transition in the current level is observed at bias range of

1V ≤ Vbias ≤ 3V, and it reaches saturation at Vbias = 4V . These current levels are very

high, compared to expected values for a conventional HMSM [79], in which the dark

current values are typically in a pico amp range, for a device of a comparable size. For

charge transport based photodetectors, it is desirable to have a minimal dark current

for enhanced noise performance [79, 116]. The MSM-2DES device, hence, does not

display proper merits for a low-noise transport based photodetection. In contrast to

MSM-2DES device, the control sample has significantly lower current levels in the

same applied bias range. Specifically, it remains less than 10nA at Vbias ≤ 6V for the

“large” device, which is 3 orders of magnitude less than the MSM-2DES counterpart.

Furthermore, the current value scales with the device pad area for the “small” control

device. The I-V of the control device does not indicate a consistent trend with the
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contact pad separation distance.

2.2.7 Capacitive-Voltage characteristics of MSM-2DES device

The capacitances of all the devices reported in this dissertation were measured

by a commercial HP 4284A LCR-meter that applied a capacitance bridge balancing

technique [117]. In the vector voltage-current method of Fig. 2.8, ac signal vi with a

probe frequency (PF) of ω is applied to the device under test (DUT) and the device

impedance Z is calculated from the ratio of vi to the sample current ii. A high-

gain operational amplifier with feedback resistor RF operates as a current-to-voltage

converter. With the input to the op-amp at virtual ground, the negative terminal

is essentially at ground potential, because the high input impedance allows no input

current to the op-amp, ii ∼ io. With ii = vi/Z and io = ?vo/RF , the device

impedance can be derived from vo and vi as [114]:

Z = − RFvi
vo

, (2.7)
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where the device impedance of the parallel G− C circuit in Fig. 2.8 is given by:

Z =
G

G2 + (ωC)2
− jωG

G2 + (ωC)2
. (2.8)

It consists of a conductance, the first term, and a susceptance, the second term. The

voltages vo and vi are fed to a phase detector and the conductance and susceptance

of the sample are obtained by using the 0 and 90 degree phase angles of vo referenced

to vi. The zero degree phase angle gives the conductance G while the 90 degree phase

angle gives the susceptance or the capacitance C [114].

Figure 2.8: Schematic circuit diagram of a capacitance-conductance meter. [114]

C-V characteristics were obtained at various probe frequencies (PF) ranging from

1kHz to 1MHz at room temperature. Stray capacitance due to measurement ap-

paratus was eliminated by open circuit corrections. The detail of C-V behavior for

a “small” device with contact separation of 7µm is shown in Fig. 2.9. A quasi-flat

region is observed in the vicinity of equilibrium capacitance, with higher capacitances

at lower probe frequencies (PF). Further voltage increase causes a distinctive “Bat-
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man” shaped enhanced capacitance, which starts at a critical voltage of Vcr ∼ 2V

and ends at a threshold voltage, Vth of 2.8V ; it is followed by an abrupt decline into

negative capacitances (NC). As depicted in Fig. 2.9, both capacitance enhancement

and NC characteristics are frequency dependent with the former observed up to probe

frequencies as high as 100kHz and more pronounced at lower frequencies, while NC

inversely diminishes as PF increases, and disappears for PF > 50kHz. The observed

CE may reach as high as 26.8%. All of the curves approach the same minimum

capacitance with further increase in bias.

MSM-2DES device with other contact separations exhibit similar behavior. No-

tably, the capacitance values for all the separations coincide with each other at Vbias <

Vth, suggesting the insignificant influence of contact separation on pre-threshold ca-

pacitance. Additionally, as indicated in Fig. 2.9, as the bias is increased above thresh-

old, the capacitance drops from a large maximum to a small value that is lower than

the (geometric) capacitance of coplanar metal plates on this semiconductor.

Comparison of the C-V characteristics for the MSM-2DES capacitor and that of

the control device indicates distinctions in the performance of the two sample. The

C-V for control devices, displayed in Fig. 2.10, shows fundamental differences with

that of the MSM-2DES’s, in both pre- and post-threshold capacitances; they also lack

the CE and NC. At 0, 2 and 4.5V of Vbias, the capacitance ratio for the MSM-2DES

to control devices are 4.6, 104.2 and 0.21 at PF = 10kHz, signifying the effect of the

n-delta doping and the 2DES on capacitive performance of the device.

2.2.8 Effects of measurement parameters on capacitance of MSM-2DES

device

The measurement parameters in the LCR-meter can be varied to obtain further

insight on device characteristics. Specifically, the amplitude and frequency of ac os-
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cillating (probe) voltage can bear information on the dynamics and the electronic

structure of the device [114]. Here the capacitance vs the probe frequency and the

amplitude of the ac voltage are presented for the MSM-2DES device. The mea-

surements are taken under various DC bias voltages, at which the device exhibits



56

−6 −4 −2 0 2 4 6

0

10

20

30

Bias Voltage (V)

C
a

p
a

c
it
a

n
c
e

 (
p

F
)

 

 

Control − 10kHz

2DES Cap − 10kHz

Control − 100kHz

2DES Cap − 100kHz

Device - Probe Frequency

Figure 2.10: Comparison of C-V characteristics of MSM-2DES capacitor with that of
“control” device.

interesting features, such as the capacitance enhancement and negative capacitance.

Probe Frequency: Fig. 2.11 indicates the dependence of the capacitance of the

MSM-2DES capacitor on Frequency. The measurements were performed by using the

same LCRmeter, under various DC bias voltages and with a 50mV ac excitation.

High density of surface states at the GaAs/AlGaAs interface and fast interface

states in the heterojunction with peak densities close to GaAs conduction band edge

have been previously suggested [118, 119] to account for frequency dependence of

the equilibrium capacitance of a modulation doped GaAs/AlGaAs HEMT. Similar

characteristics was also observed for C0V of the MSM-2DES device. Since the layer

structures of typical HEMTs [30] and this MSM-2DES capacitor are closely related,

it is feasible for the interface states to account for the equilibrium frequency response.

This can be further verified by measurement of the AC-conductivity (G) on MSM-

2DES capacitor, performed by the same LCR meter, and displayed in Fig. 2.12, follow

the previously observed trend of abnormal increase in G at high probe frequencies

where fast capture of electrons by interface defect states and slow re-emission in
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Figure 2.11: Capacitance evolution with the probe frequency, measured at various
DC bias voltages and at Vac = 50mV .

conjunction with an additional transport path through the series resistance of the

2DEG, increase the ac conductivity [118].

Furthermore, the capacitance values at pre-threshold bias voltages of 0.5, 1.5, and

2V exhibit very different dependencies on applied probe frequency. While the ca-

pacitance value at Vbias = 0.5V remains rather constant at 18.9pF with variations of

PF, at Vbias = 1.5, where the “Batman” shape in C-V is observed, the capacitance

is constant at 25.1pF for PF < 10kHz and drops linearly until it converges to the
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equilibrium value of 15.2pF at PF = 100kHz. For Vbias = 2 that corresponds to

the threshold voltage in the C-V, the frequency response exhibits a non-linear be-

havior with capacitance values taking a maximum and minimum values of 42.0 and

15.2pF at PFs of 100 and 960Hz, respectively. It increase and converges to the

equilibrium value 17.8pF at PF = 100kHz. Such descriptions in frequency response

at pre-threshold bias voltages infers existence of multiple charge mechanisms in the

MSM-2DES device.

The post-threshold capacitances for different bias voltages indicate similar trends

with variations of probe frequency. Specifically, for PF < 3kHz all the values remain

positive and can be as large as 600pF at PF = 100Hz. The capacitance become

negative at 3kHz < PF < 50kHz. with further increase in PF, all the capacitance

values become positive and rather constant with frequency. For PF > 75kHz, the

capacitances remain less than 4.1pF , and for larger bias voltages converging to smaller

capacitance values.

Oscillating Voltage: The capacitance of the MSM-2DES capacitor also exhibits

dependence on the applied oscillating voltage. Such behavior is shown in Fig. 2.13,

for a measurement performed on the “small” MSM-2DES capacitor with 5µm pad

separation. All the data were acquired under a 50kHz probe frequency and at var-

ious DC bias voltages. Interestingly, a stairway feature is observed in the C − Vosc

characteristics, when the device is biased at the threshold or in the depletion re-

gions. This behavior typically exhibits an abrupt jump or drop in capacitance at

Vosc = 93, 193, 374, and 494mV. Table 2.1 summarizes the features of capacitance

with variations in the probe voltage amplitude.
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Table 2.1: Summary of features for capacitance vs. ac probe voltage amplitude.

Feature in the C-V Capacitance Evolution with Vosc

(Bias range (V))

Pre-threshold equilibrium Negligible change with Vosc

(0 6 Vbias . 1.5)

“Batman” shape CE Descending gradually as Vosc increases

(1.5 . Vbias . 2.2)

Threshold A stairway behavior.

(2.5 . Vbias . 3.5) Abrupt drop of jump at Vosc = 193, 374 and 494mV

Negative C A steep increase for 0 < Vosc < 50mV and a gradual descend for Vosc > 50mV

(3 . Vbias . 4) Change of sign occurs for lower DC biases.

Depletion A descending stairway behavior.

(Vbias & 4) Drops at Vosc = 93, 193, and 494mV .

2.2.9 Charge control model for device capacitance

Fig. 2.14(a) depicts a schematic of a modulation doped field effect transistor

(MODFET). A quasi two dimensional electron system is formed at the AlGaAs/GaAs

interface, and inside a triangular quantum well (QW). Typically the first discrete en-

ergy levels (E0 and E1 in Fig. 2.14(b)) are filled and the rest of the energy levels can

be ignored. In this case the surface carrier concentration ns of the 2DES is given by

[120]:

ns =
ε

qd
[Vg − (φb − VP2 + V (d+

i )−∆EC)]., (2.9)

where φb is the Schottky barrier height, Vg is the gate voltage, and VP2 is the pinch-

off voltage of the AlGaAs layer. Furthermore, ∆EC is the conduction band offset

at the GaAs/AlGaAs interface, and V (d+
i ) is the potential at the interface on the
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GaAs side, which can be calculated through continuity of the displacement field at

the interface. Eq. 2.9 simply gives the charge induced in a parallel plate capacitor

formed by the gate and the 2DES separated by the AlGaAs layer.

a) b)

c)

Figure 2.14: a) Schematic, b) Energy band diagram, and c) C-V characteristics of a
MODFET calculated by the charge control model (CCM) of Shur [30].

A differential capacitance, Cdiff , can then be defined as:

Cdiff =
∂qns
∂Vg

., (2.10)

in which q is the charge of an electron.

Additionally, the surface carrier density ns is given by the well known integral

[121]:

ns =

ˆ ∞
0

DOS.f(E)dE, (2.11)
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and DOS is the two dimensional density of states in the QW, and f(E) is the Fermi-

Dirac statistics of Eq. 1.30. By inspecting the energy band diagram of Fig. 2.14(b),

Eq. 2.11 becomes:

ns = DOS
kBT

q
ln

[(
1+exp

{
q

kBT
[V (d+

i )−E0]

})(
1+exp

{
q

kBT
[V (d+

i )−E1]

})]
.

(2.12)

Here E0 and E1 are the two lowest energy levels of the QW measured from the bottom

of conduction band (Fig. 2.14(b)), and can be found from Eqs. 1.32 and 1.33.

By combining Eqs. 2.9 and 2.10, the differential capacitance is calculated as:

Cdiff = 1/(
∂V

∂qns
) = 1/(

d

ε
+

1

q

∂V (d+
i )

∂ns
) (2.13)

Furthermore, Eq. 2.12 gives the relation between V (d+
i ) and ns, hence:

∂V (d+
i )

∂ns
=

2

3ns

{
3ns/D + 2(E0 + E1)

4C/(C + 4)
[1 + (1 + C/A2)−1/2]−B

}
(2.14)

and,

A = exp(E0/VT ) + exp(E1/VT ) (2.15)

B = E0exp(E0/VT ) + E1exp(E1/VT ) (2.16)

C = 4{exp[(ns/(DOS) + E0 + E1)/VT ]− 1} (2.17)

Finally:

Cdiff =
ε

d+ ∆d
. (2.18)

The Cdiff vs Vg relation is calculated and shown in Fig 2.14(c) [30]. Importantly,

∆d indicates the effective distance of the center of the 2DES from the GaAs/AlGaAs

interface. It essentially takes into account the envelope wave function of electron
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inside a triangular QW. By applying a gate voltage, the center of 2DES is moved

further away from the interface and the overall capacitance is reduced. Equivalently,

the surface carrier concentration is reduced. The simplicity of charge control model

is on reduction of the complicated system dynamics into the effective 2DES distance

∆d, which at equilibrium (Vg = 0) becomes ∆d = 80Å [31]. In Sec. 2.2.10, the CCM

is applied to the MSM-2DES device for evaluation of the equilibrium capacitance.

2.2.10 MSM-2DES circuit model

Based on the C-V characteristics of the MSM-2DES, three independent charge

control mechanisms are identified. Each of these mechanisms is related to spatially

separated ensemble of charge carriers, hence represents different capacitive source.

Pre-threshold geometric capacitance C2DES : Electron density profile for

MSM-2DES varactor is calculated by solving Poisson equation using Synopsys Sen-

taurus™simulation package and is shown in Fig. 2.15. Under equilibrium, a thin

reservoir of electrons, or 2DES, is present at the GaAs/AlGaAs hetero-interface. Ap-

plication of an adequately large Vbias locally depletes the electrons only underneath

the reverse biased contact, cathode, while maintaining the reservoir intact elsewhere

in the device. The evolution of the electron densities with bias are shown in Fig.

2.15(d) along the direction of growth under cathode, anode and in the gap. The

electron density significantly drops underneath cathode by 12 orders of magnitude

while it remains constant in other regions. The depletion mechanism of the electrons

is modeled by charge control model used for HEMTs [30, 120]. A charge control

mechanism is then identified through a parallel-plate capacitor:

C2DES = Cgeo =
ε0εAlGaAs

d∗
, (2.19)

which is comprised of the cathode and 2DES beneath it as its plates and separated
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by a distance of d∗ = dAlGaAs + ∆d, with dAlGaAs being the thickness of AlGaAs layer

and ∆d = 8nm the effective distance of the center of the 2DES to the heterojunction

[30, 120], and as previously explained in Sec. 2.2.9.

The validity of the CCM model for calculation of the C2DES of the MSM-2DES

capacitor is confirmed by comparing the predictions of the model with the measured

capacitance. Through Eq. 2.19, CCM predicts a C2DES of 18.3pF , which is close to

the measured C2DES = 18.8pF at PF = 10kHz. Importantly, this value is twice

larger than similar planar MSM devices which include a 2DES[29, 77, 81]. While

in those devices the pre-threshold equilibrium capacitance is due to the anti-series

combination of anode- and cathode- to 2DES parallel plate capacitors, here the C2DES

only includes the cathode-to-2DES capacitor. This is due to the preservation of the

2DES in the present MSM-2DES varactor, while in other similar devices [29, 81] it is

depleted in other regions. Markedly, CCM is utilized to find the 2DES concentration

through the measured C2DES. By replacing the experimental data of C2DES = 18.3pF

into Eqs. 2.13, 2DES density was graphically solved by MATLAB™and found Nca =

4.6 × 1011cm−2. This is in agreement with Hall density of 6.2 × 1011cm−2. This

calculation is particularly important for future discussions on many-body features of

the 2DES in Chaps. 3 and 4.

Post-threshold lateral capacitance, or Clat : Calculated electron density

across a horizontal line in the 2DES (line H in Fig. 2.15(c)) indicates a slight pene-

tration of the depletion region in the vicinity of the cathode edge with an increase in

Vbias. Consequently a second capacitance, Clat due to the lateral extension of electric

field lines into the gap can be identified with the cathode and the preserved 2DES

as its two contacts. The lateral field penetration does not exceed the Thomas-Fermi

screening length, LTF for a 2DES [30]. Thus there is a lateral capacitance between

the edge of the 2DES and the cathode edge (Clat) and a bulk capacitance (Cbulk)
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due to field lines which penetrate deep into the bulk of the device. Using conformal

mapping [122], and with LTF = 6.4nm for Nca = 6.9× 1011cm−2 in the MSM-2DES

capacitor, Clat, chiefly being a fringe capacitance, is calculated by:

Clat =
εAlGaAsε0

π

√
LTFd∗

L2
TF + d∗2

, (2.20)

which yields Clat = 1.24fF . The measured Cmin for all separations are in agree-

ment with measurements (reported in Table 2.2), within the femto-Farad resolution

of the LCR meter. Exceptionally, this minimum capacitance is smaller than that of

two coplanar contacts, the value of which, found by conformal mapping techniques

[104, 123], is 7.7, 6.0, 5.1, 4.3, 3.2fF for 3, 5, 7, 10 and 20µm contact separations, re-

spectively. Embedment of a high-density 2DES in a layer structure can potentially

decrease the capacitance between two adjacent contacts on a substrate. Consequently,

the number of devices per unit area of the substrate could increase and higher inte-

gration in ICs may be achieved.

Post-threshold depletion capacitance, or Cbulk: Furthermore, a bulk capaci-

tance, Cbulk, due to the extension of the depletion region in the bulk of the structure,

exists, which is mainly inside the GaAs underlying layers. Since Clat and C2DES are

in parallel, the former only dominates at Vbias > Vth when C2DES is zero. Moreover,

Clat and Cbulk are parallel mechanisms at Vbias > Vth, and an increase in the contact

separation, results in more dominant Cbulk, leading into deviations from the expected

Clat capacitance. Moreover, comparison of post-threshold C-V of MSM-2DES ca-

pacitor with that of the control devices (Fig. 2.10), highlights the role of Cbulk as a

third parallel capacitance, which accounts for the junction capacitance of the cath-

ode Schottky contact. For the MSM-2DES capacitor, as displayed in Fig. 2.3, the

screening of electric field by 2DES limits the horizontal extension of depletion region,

hence a Cbulk becomes noticeably smaller than that of the CMSMs and control de-
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vices. In similar bias voltage and probe frequencies, the control sample maintains

a post-threshold capacitance of larger than 200fF while the MSM-2DES capacitor

reaches Cmin < 10fF and remains less than 150fF with a further increase in bias.

In a like manner, for the CMSMs with similar contact geometry and measurement

conditions, the capacitance never goes below 10fF (see Fig. 1.3 and Sec. 1.5.1), which

is greater than the Cmin for the MSM-2DES capacitor.

Fig. 2.15(f) represents simulated C-V which is in a good qualitative agreement

with experimental results, both in general behavior and in the value of threshold

voltage. It does not, however, include CE and NC features since these are attributed

to quantum mechanical exchange-correlation effects in 2DES [26], which are beyond

the capabilities of the simulation package. A qualitative circuit model that includes

the three identified capacitive mechanisms for the MSM-2D varactor is indicated in

the inset of Fig. 2.15(f).

Finally, a prominent feature of this device is the capacitance enhancement in C-

V which occurs when the 2DES transitions from a high density interacting system

to a depleted non-interacting one. This is due to negative thermodynamic density

of states for a 2DES [23, 25], and will be describe in Chap. 3. This has been also

proposed as a gate capacitance enhancer for MOSFETs [26]. Here, the addition

of exchange and correlation energies of the interacting many-body system of 2DES,

as the unconventional contact, to the stored energy inside the electric field of the

dielectric, results in an enhancement in the overall capacitance, as an energy storage

device [23]. Enhancement of Cmax by up to 26%, further increases the tuning ratio.

More in-depth discussion on this matter, however, is deferred to Chaps. 3 and 4.
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2.2.10.1 Experimental verification of electric field screening

An observation was made on the C-V characteristics of the devices that were

fabricated on the MSM-2DES wafer, in which the pre-threshold capacitance C2DES

was independent of the distance between any two nonisolated contact pads. This is

an outstanding consequence of the shielding/screening effect due to the 2DES and

the n-type delta doping and has potential application (see Sec. 2.3.3) for cross-talk

reduction and signal delivery enhancements in integrated circuits [124]. A systematic

experiment was performed, as shown in Fig. 2.16, to verify this observation. Here

the subject matter capacitors were “small” planar devices in the TLM layout of

Fig. 2.1(d) that were comprised of contact 1 and anyone of the remaining pads as the

capacitor terminals. Interestingly, the pre-threshold capacitances, C2DES, of all of

these devices coincide, as shown in Fig. 2.16, and equals the geometrical capacitance,

Cgeo of Eq. 2.19. This indicates the continuity of the 2DES in the layer structure and

verifies the predicted shielding effect of the 2D cloud of charge.
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2.2.10.2 Effect of contact pad size on C-V characteristics

Additionally, the C-V of “large” MSM-2DES capacitor follows the general be-

havior of the “small” analogue, as demonstrated in Fig. 2.17 however, C2DES of the

former scales up to 41.2 and 39.9pF , a factor of 2.2 larger than the 18.73 and 17.83pF

of the original size MSM-2D varactors with 10 and 20µm contact separations, respec-

tively. This matches well with the large-to-small contact pad area ratio of 2.25. This

indicates that the pre-threshold capacitance merely depends on cathode capacitance.

Hence, the electric field shielding of the dense 2DES is verified. For devices that such

a dense 2DES does not exist, the C2DES corresponds to an anti-series combination of

anode- and cathode-to-2DES parallel plate capacitors, as predicted by Marso et al.

[29, 81]. Further details on the latter are discussed in Sec. 2.4.
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2.3 Application of the MSM-2DES device as a highly tunable variable

capacitor

Voltage-dependent capacitors, or varactors, have a range of applications in fre-

quency multipliers, voltage-controlled oscillators, tunable filters and electro-optical

modulators [71, 76]. Important figures of merit are sensitivity defined as (normal-

ized) change of capacitance per change in voltage, tuning ratio (TR) of maximum to

minimum of the voltage-controlled capacitance, and quality factor, Q, with a trade-

off expected between Q and TR [76]. Typical varactors including those based on

MOS technology [82], metal-semiconductor-metals (MSMs) [29, 81] and ones which

are carbon-based [125] show TRs less than 40, with maximum TRs of up to 121 that

have been achieved using Two Dimensional Electron Gas (2DEG) [29]. Varactors

that are based on a two dimensional hole gas can reach high sensitivities of 35, and

large TRs of ∼ 113 [77]. By judicious use of the 2DES underneath and in-between

contacts of the MSM-2DES device can be applied as a remarkable varactor with an
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ultra high tuning ratios of well over 1000. It is a result of a large maximum capaci-

tance, and a minimum capacitance that is lower than the geometric capacitance of the

coplanar contacts, reaching fF ranges. Table 2.2 summarizes measurement results

on MSM-2DES varactors, including zero-bias, minimum and maximum capacitance

values, tuning ratio, quality factor, sensitivity, and capacitance enhancement, for var-

ious contact separations of “large” contact pads and at different probe frequencies.

Table 2.2: Summary of the measurements on MSM-2DES varactors.

Separation 3µm 5µm 7µm 10µm 20µm

Probe Frequency 10kHz 50kHz 10kHz 75kHz 10kHz 75kHz 10kHz 50kHz 10kHz 50kHz

C0V (pF ) 19.01 18.24 18.88 18.18 18.87 18.12 18.76 17.83 18.73 17.33

Cmin(fF ) 150 2.6 207 3.7 43 3.2 83 8 108 9

CCE, Cmax(pF ) 24.24 22.08 24.25 22.22 24.94 21.27 24.12 21.88 24.02 21.98

Tuning Ratio (Cmax
Cmin

) 127 7015 91 4913 438 5662 226 2228 173 1925

Max. Q 40.94 16.73 41.15 17.10 40.84 16.58 41.32 16.87 40.64 17.43

Sensitivity 163 370 65 263 173 187 118 98 80 246

Enhancement (CCE−C0V

C0V
) 27.5% 21.0% 28.4% 22.22% 32.16% 17.38% 28.5% 22.7% 28.2% 26.8%

2.3.1 Performance merits of the MSM-2DES varactor

Figures of merit for a varactor include:

Tuning Ratio/Range (TR) indicates the range that the capacitance can be

varied in the capacitance-voltage characteristics (C-V) of a varactor. It is defined as:

TR =
Cmax
Cmin

, (2.21)
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where Cmax and Cmin are the maximum and minimum attainable capacitances in

C-V, respectively.

The tuning ratio for the MSM-2D varactors, shown in Table 2.2, surpasses 7,000

at PF = 75kHz and remains above 100 for the rest of PFs, which, to the best of

our knowledge, is higher than other reports. This is primarily due to the significantly

small Cmin of MSM-2DES varactors, being in fF range-3fF for 7µm separation at

75kHz of PF. Distinctively, the CE feature, which is attributed to negative com-

pressibility of 2DEG [23, 24, 26], further increases the TR as the peak capacitance,

CCE, of up to 24.94pF occurs at the peak of the “Batman” shape of CE, resulting in

enhancements.

Quality Factor, Q: is a measure of the stored to dissipated energy, with an ex-

pected trade-off between Q and TR [76]. The MSM-2DES varactors reach maximum

Q of up to 40, as indicated in Fig. 2.18 and Table 2.2, which is comparable to other

reports [76].
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Voltage Sensitivity (S): is quantitatively defined by:

S =
dC

dV
× V

C
(2.22)

Sensitivity indicates the normalized rate of change in the capacitance with respect

to the applied voltage [35, 77], showing how abrupt in voltage the capacitance can

vary within the tuning range. Importantly, sensitivity S demonstrates the level of

nonlinearity in C-V, required for frequency multiplication applications. MSM-2DES

varactors exhibit sensitivities of up to 370 at intermediate PFs, exceeding previous

achievements [35, 77, 81].

2.3.2 MSM-2DES varactor as an integrated switched-capacitor

This large voltage sensitivity, combined with the bi-state behavior of pre-threshold

“high” and post-threshold “low” capacitances, indicates the capability of MSM-2DES

varactor to be utilized as a switchable capacitor, which are useful circuit elements in

filters, modulators and rectifiers [126, 127], while it circumvents the need for additional

switching elements.

2.3.3 MSM-2DES varactor for RFICs

Continuous down-scaling of integrated circuits (ICs) and closer placement of cir-

cuit elements and signal lines (SL) on chips have brought in new challenges to over-

come the noise due to increased capacitive coupling and cross-talk among SLs [124].

Prediction of the performance of the ICs often require complicated models to account

for delay and clock skew variations due to coupling capacitance [128].

The pre-threshold C2DES of the MSM-2DES varacor, being twice larger than pre-

vious predictions [29, 81, 112], indicates higher energy densities in the region under-

neath the cathode. Hence a better coupling between the cathode, serving as signal
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carrier, and the reference plane (2DES), can be achieved and utilized in ICs to in-

crease the signal-to-noise ratio. Additionally, the 2DES in the gap that extends to

the anode, and is maintained at post-threshold “low” state, shields the electric field

lines from lateral extension into the gap resulting in a minimal Cmin. The value of

this capacitance is calculated, similar to fringe capacitance in coplanar waveguides

[122], to be 1.8fF , which closely matches experimental results of 3fF. That is, main-

taining a sufficient density of the 2DES under anode and between contacts allows the

minimum capacitance to be much lower than the geometric capacitance of the copla-

nar cathode-anode structure [123, 186]. The latter is calculated to be 8.82, 6.06, and

4.84fF for 10, 20, and 40 µm separations, respectively, meaning that the embedded

2DES reduces the capacitance by a factor ranging from 2.7 to 4.9 for these structures.

The decrease in inter-contact capacitance is suitable for reduction of cross-talk among

SLs in ICs, and for removing the noise due to coupling of interconnects in VLSIs.

Negative capacitance is a feature with applications in voltage amplification [129],

solar cells [130], and to overcome the ‘Boltzmann tyranny’ [131]. It has been observed

in electrochemical capacitors [132], far-infrared [133], heterojunction dual-band [134]

detectors, GaN Schottky diodes [182], and in ferroelectric materials [135]. Previous

reports on the observation of negative capacitance in semiconductor devices [133,

136] attribute this phenomenon to transient currents in the device, recharging inertia

of the QW [133] and, in general, dc/ac signal mixing across a nonlinear conductor

[136, 182], all of which are feasible in the MSM-2D varactor. From the circuit level,

a negative capacitance is viewed the same as an inductor. Currently, realization of

inductors in RFICs is through placement of bulky elements on the chip affects both

the performance and the cost of these circuits [137, 138]. The negative capacitance

feature of MSM-2DES varactor can serve as a low cost and less bulky replacement for

fabrication of inductors in microwave-photonics applications. Overall, an enhanced
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performance for RFICs and a better cost efficiency are attainable through a) closer

arrangement of the components on the chip and b) replacement of bulky elements,

that are available through distinct features of the MSM-2DES varactor.

2.3.3.1 Scattering matrix measurement on MSM-2DES capacitor

The reflection coefficient, S11, was measured using a vector network analyzer.

Fig. 2.19(a) shows magnitude of S11 for different applied voltages. Two resonant

peaks near 1 and 1.8GHz are observed the magnitude of which is strongly dependent

on applied voltage. Fig. 2.19(b) compares dark and white-microscope light responses

with the same applied voltage, showing more than 20dB change due to illumination.

These measurements were repeated with a laser light source, which confirmed device

sensitivity to optical signal. The device sensitivity to voltage and light makes it an

excellent candidate for microwave photonics applications like electro-optical modula-

tions and frequency doublers.

2.4 Structural modifications for local manipulation of 2DES density

A layer of SiN, which is grown in the region between the contacts and on top

of the AlGaAs layer introduces surface states and increases surface velocity at the

SiN/AlGaAs interface. As a result, some portion of the 2DES in the “gap” region is

depleted, while underneath the contacts it is maintained. This effect can be seen in

the measured C-V characteristics for the MSM-2DES with SiN top layer, that is also

shown in Fig. 2.20. The equilibrium capacitance is measured for a 100× 100µ2 TLM

device with 5µ contact separation. It takes a 8.2pF value at a 2kHz probe frequency

and drops to 1.9pF for probe frequencies greater than 500kHz, which is significantly

less than those reported for MSM-2DES capacitor. The quality factor for this SiN

MSM-2DES capacitor remains less than 10 for all the measured probe frequencies.
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Figure 2.20: C-V characteristics for an MSM system with SiN in the “gap”.

When the 2DES in the “gap” region between contacts is partially depleted, it can

not screen the electric field any more. In this case, Clat||Cdep becomes significant, and

the overall capacitive behavior follows the model proposed by Marso et al [29, 81, 110,

111, 112]. The pre-threshold capacitance then becomes an anti-series combination of

anode- and cathode-to-2DES parallel plate capacitors.

Importantly, the C-V for the SiN MSM-2DES capacitor does not include a CE

feature, which infers a relation between the CE and the 2DES density. This will be

tested in further detail in Chap. 4.

2.5 A high-speed interdigitated MSM photodetector with a low-temperature

grown GaAs layer

For MSM photodetectors, a limiting factor in the speed of operation is the carrier

life-time, as also discussed in Sec. 1.5. The device speed performance can be enhanced

if the life time of the photo-generated carriers in the absorption medium is reduced.
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Low-temperature grown GaAs (LT-GaAs) is a good candidate for this purpose with

a ∼ 1ps carrier life-time. This value is three orders of magnitude shorter than that of

regular GaAs (∼ 1ns). The LT-GaAs MSM photodetectors, however, suffer from low

light sensitivity, due to low carrier mobility. This problem can be addressed through

using the LT-GaAs as the absorption medium of a MSM device with a vertical electric

field similar to that of MSM-2DES varactor.

The MBE growth was performed on a semi-insulating (100) GaAs substrate, start-

ing with a buffer layer, followed by a 500nm thick layer of unintentionally doped

GaAs and a p-type (C-dopant) delta doping layer. An 85nm LT-GaAs active layer

was then grown at 300◦C, followed by a 15nm undoped GaAs layer grown at the

regular growth temperature of 600◦C, producing a channel with high mobility and

long lifetime, hence momentum relaxation distance, for carrier transport. Growth of

a 50nm AlGaAs layer formed a heterojunction with this RT-GaAs channel. Fig. 2.21

compares the current-voltage characteristics of MSM-2DES, control and LT-GaAs

MSM devices. The measurements are performed for interdigitated contact patterns

with and without transmission lines, and for dark and under red LED illumination.

While the MSM-2DES device has an unusually large dark current (∼ 10µA), the con-

trol and the LT-GaAs MSMs have similar dark currents that remain in the pA range,

hence are ideal for low-noise photodetection purposes. Furthermore, the addition of

the transmission lines to the typical interdigitated pattern does not change the cur-

rent values, both in dark and under light, by an appreciable amount. This indicates

that no significant leakage current from the lines is affecting the device performance.

Fig. 2.22 indicates the calculated electric field in this LT-GaAs MSM, at equilib-

rium (2.22(a)) and under 9V of applied bias(2.22(b)), and for contact spacings of 1

(top) 3 (middle) and 5µm (bottom). A vertical electric field exists in all of these
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Figure 2.21: Comparison of I-V characteristics for MSM-2DES, control, and LT-GaAs
MSM devices.

condition that drifts the photo generated carriers in the LT-GaAs absorption region

to the channel of regular GaAs. Under applied bias, a large electric field exists un-

derneath the cathode that collects the photo generated carriers that have reached the

15nm high-mobility channel of RT-GaAs. This condition can be seen in the calcu-

lated energy band diagram under a 9V bias and indicated in Fig. 2.23, for all the

contact spacings. A band bending in the LT-GaAs absorption region favorably drifts

the light generated electrons toward the RT-GaAs channel. With the high electron

mobility of GaAs, the photo generated carriers quickly reach the region underneath

the cathode with an electric field with minimal horizontal component. A very large

band bending at the edge and underneath the cathode collects the carriers across the

AlGaAs top layer.
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Figure 2.23: Calculated conduction band energy for the LT-GaAs MSM device for
contact separation of a) 1µm, b) 3µm, and c) 5µm.

The electro-optic sampling technique with picosecond resolution [139] was used to

measure the time response of LT-GaAs MSM devices with an interdigitated structure

with a layer structure and finger spacings similar to that of Fig. 2.22 [94]. These de-

vices have detection efficiency near that of RT-GaAs yet provide pulse widths nearly

an order of magnitude faster-6ps for a contact separation of 1µm and 12ps for dis-

tances more than 3µm.

Through further inspection on the C-V characteristics of the LT-GaAs MSM,

formation of a high-mobility channel under illumination and in the RT-GaAs layer of

the device can be verified. Figs. 2.24(a) and (b) indicate the C-V in dark and under

light for a LT-GaAs MSM with a TLM contact pattern of 20µm spacing. The lack of

the bi-state of “high” and “low” in dark C-V shows that no 2D electron channel exists

at the GaAs/AlGaAs interface. The C-V under red LED, however, exhibits a peak
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at electrical equilibrium that gradually reduces to that of dark capacitance at higher

bias values. Consequently, similar to the MSM-2DES varactor of previous sections, a

sheets of charge is formed at the interface under illumination. Frequency dependence

of this light-dependent behavior is shown in Figs. 2.24(b) and (c), for capacitance and

quality factor respectively. They follow the trend as that of the MSM-2DES device.
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3. A Many-Body System of Electrons

3.1 Basic concepts

In chapter 2, the one electron approach to the Schrödinger equation was applied

to many practical applications. It was seen to be adequate for prediction of transport

properties of many solid-state devices so long as the device scale was not in the order

of an electron de Broglie wavelength. The one electron problem, however, is not valid

when an electronic system becomes correlated. That is when the inter-electron dis-

tance becomes small enough that the Coulombic interactions among electrons cannot

be ignored. In such situations, it is necessary to include the potential energy term,

which is due to the Coulombic forces among electrons, in the Hamiltonian of the sys-

tem. Furthermore, as the electrons follow Fermi-Dirac statistics, they have to satisfy

the Pauli’s exclusion principle, which imposes an additional constraint on the wave

function of the many-body system. In this section, the mathematical formalism of

the many-body problem is presented. Various approaches toward this problem are

explained, and the ground state energy of such many-body systems is described.

3.1.1 Basic properties of many-electron systems

3.1.1.1 Permutation symmetry: indistinguishable vs. distinguishable elec-

trons

The many-body wave function, as in Eq. 3.1 represents a problem with distin-

guishable fermions. That is, if two of the fermions are exchanged, the state of the

system is changed, or:

Ψ(1...i...j...N) 6= Ψ(1...j...i...N) (3.1)
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This, however, is not permissible in quantum mechanics, since the state of the system

has to be independent of the exchange of the fermions and the overall state (wave

function) of the many-body system is required to remain intact. Equivalently, the

fermions are required to be indistinguishable. Unlike classical mechanics, individual

particles cannot be labeled and distinguished. This condition can be satisfied by

reconstructing the many-fermion wave function in a way that it satisfies the anti-

symmetry requirement:

Ψ(1...i...j...N) = −Ψ(1...j...i...N). (3.2)

One way of accomplishing this condition is by constructing Ψ based on a sum series

of complete set of orthonormal one-fermion problem states, as:

Ψ(1, 2, ..., N) =
1

N !

∑
p

sgn(p)
N∏
i=1

ψp(i). (3.3)

3.1.1.2 Pauli’s exclusion principle

The Pauli’s exclusion principle is a condition that any solution to a many-electron

problem has to satisfy: the wave function has to be invariant to exchange of any two

particles. For a system of N fermions, the simplest guess for the many-body wave

function, Ψ(1, 2, ..., N) is a product of one fermion wave functions at the allowable

energy states; i.e.:

Ψ(1, 2, ..., N) =
N∏
i=1

ψi(i). (3.4)
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3.1.1.3 Basis states: Slatter determinent

Equation 3.3 can be rewritten as a determinant of a matrix with one-electron wave

functions as its elements; known as the Slater determinant:

Ψ(1, 2, ..., N) =

∣∣∣∣∣∣∣∣∣∣∣∣∣

ψ1(r1) ψ2(r1) . . . ψN(r1)

ψ1(r2) ψ2(r2) . . . ψN(r2)

...
...

. . .
...

ψ1(rN) ψ2(rN) . . . ψN(rN)

∣∣∣∣∣∣∣∣∣∣∣∣∣
(3.5)

Inspecting the Slater determinant in Eq. 3.5 indicates that if two electrons have the

same quantum state, hence identical wave functions, the determinant becomes zero.

Equivalently, such an event will have a zero likelihood. Consequently, for any physical

system no two electrons can exist at the same quantum state. Noticeably, it is inferred

from the above discussions that a “force” prevents indistinguishable fermions from

co-existence at the same quantum state. This is known as the exchange force, that

results in the inclusion of an additional energy term in the ground state energy of the

many-body system, as will be discussed in Sec. 3.3.

While using the Slater determinant as the solution of the many-body Schrödinger

equation addresses the indistinguishability requirement, the statement of the problem

through this perspective is still deficient. Mainly, the notion of exchanging �two sepa-

rate fermions infers certain level of particle discretion, which is in contradiction with

the indistinguishability of fermions in a quantum system. Hence, it is required to es-

tablish a complete quantum mechanical approach toward the many-fermion problem.

This is accomplished by the second quantization method, which is described in the

following sections.
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3.1.2 An alternative approach: Second quantization

The concept of second quantization inherently satisfies the indistinguishability of

fermions. Hence, the relevant quantity for this approach is the number of fermions, ni

that occupy a certain eigenstate i with an eigenenergy of Ei. It requires a basis set of

complete orthonormal state vectors, on which other operators in the Hilbert space can

be expanded. The time-independent occupation number state vector, |ni〉, sufficiently

represents the number of fermions that occupy the single-particle eigenstate i.

As a direct consequence of the Pauli’s exclusion principle, the occupation number,

ni = 0, 1, since no more than one fermion can occupy a state. The creation, c†, and

annihilation, c, operators of the number states, change the eigenvalue of the number

operator, as:

c† |0〉 = |1〉 , c† |1〉 = |0〉 , (3.6)

c |1〉 = |0〉 , c |0〉 = |0〉 . (3.7)

These operators follow the rules of anticommutation, that is:

{cr, c†s} = crc
†
s + c†scr = δrs, (3.8)

{cr, cs} = {c†r, c†s} = 0. (3.9)

The number operator, n̂s for the mode s, can then be defined as:

n̂s = c†scs, (3.10)

ns = n̂s |ns〉 = c†scs |ns〉 . (3.11)

It is now essential to define the many-body number state vector as |n1n2...n∞〉 for

a system of N total electrons with N = n1 + n2 + ... + n∞ =
∑

i ni, and investigate
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the effect of creation and annihilation operators on the many-particle wave function

Ψ. Notably, the total number of carriers N is a constant, which means the c and

c† operators do not change the total number of electrons in the system. Since the

occupation number state is a complete orthonormal set in the Hilbert space, it is

logical to expand Ψ based on this set:

|Ψ(t)〉 =
∑

n1n2...n∞

f(n1n2...n∞, t) |n1n2...n∞〉 (3.12)

It can be shown that Eq. 3.12 is a solution to the Schrödinger equation, with the

Hamiltonian Ĥ restated through creation and annihilation operators:

i~
∂

∂t
|Ψ(t)〉 = Ĥ |Ψ(t)〉 , (3.13)

Ĥ =
∑
rs

c†r 〈r|T |s〉 cs +
1

2

∑
rstu

c†rc
†
s 〈rs|V |tu〉 cuct, (3.14)

in which T and V are the kinetic and potential energy operators, respectively. Eq. 3.14

generalizes the many electron problem to a number state with simplified operators

of creation and annihilation. Conveniently, field operators can be defined based on c

and c†:

ψ̂(x) =
∑
k

ψk(x)ck, (3.15)

ψ̂†(x) =
∑
k

ψk(x)c†k. (3.16)

Field operators that are described in Eq. 3.16 are linear expansion of annihilation

and creation operators, with the coefficients as the single-particle wave functions,

ψk(x). In general, any one-body operator, J =
∑N

i=1 J(xi) has a corresponding
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second-quantized operator that is given by:

Ĵ =
∑
rs

〈r| J |s〉 c†rcs =

ˆ
d3xψ̂†(x)J(x)ψ̂(x). (3.17)

This constitutes the major distinction from the first quantization, in which the phys-

ical measurable quantities such as momentum and position are replaced with their

corresponding quantum operators. In the second quantization formalism, the field

variables such as wave functions are quantized into field operators, that are restated

through the creation and annihilation operators. The essence of the second quan-

tization method is that once the ground state of a system is found as a solution of

the Schrödinger equation, all the excited states of the system can then be calculated

by applying the creation and annihilation operators. Hence the ground state en-

ergy, Egse, becomes a physically significant property of a given system. By knowing

this quantity, the energies for all other excited states can be found through second

quantization.

3.2 Correlated many electron systems

Defining the proper many-electron system (MES) Hamiltonian, Hmse,is the initial

step in solving a given many-body problem. Particularly, for the case of a many

electron system, it has to account for the Coulombic interactions among particles.

3.2.1 A degenerate electron gas

A degenerate electron gas is a system of interacting electrons, with density of ne(r),

accompanied by a positive ion background, with density of np(r), which provides the

charge neutrality. This system is specifically selected to exclude the effect of the

thermal energy on distribution of electrons in the available energy states; hence in
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a degenerate electron gas all the states are occupied progressively, starting from the

lowest energy level and according to Pauli’s exclusion principle. A major assumption

for this case is the homogeneity in the spatial distribution of the positive background,

which along with the neutrality of this system requires that ne(r) = np(r) = n0. The

dynamical behavior of the positive ions can practically be ignored due to their much

heavier mass compared to the electrons. The Hamiltonian accounts for the repulsive

force among the electrons, Hel, and the attractive force between the electrons and

the positive background ions aka Hartree interaction, Hel−b, and the energy of the

positive background, Hb. Hence:

Hmse = Hel +Hb +Hel−b. (3.18)

The Hamiltonian terms can be expanded with respect to the specifics of the de-

generate electron gas, with a uniform positive background with density n(x).

Hel =
N∑
i=1

p2
i

2m
+

1

2
e2

N∑
i 6=j

e−η|ri−rj |

|ri − rj|
, (3.19)

Hb =
1

2
e2

ˆ ˆ
d3xd3x′

n(x)n(x′)e−η|x−x
′|

|x− x′|
, (3.20)

Hel−b = −e2

N∑
i=1

ˆ
d3x

n(x)e−η|x−ri|

|x− ri|
. (3.21)

In Eqs. 3.19, 3.20, and 3.21 an exponential convergence factor is inserted to de-

fine the integrals, and η will eventually be allowed to vanish (η → 0). The second

quantization Hamiltonian can now be constructed by applying the creation, a†, and

annihilation, a, operators for fermions. Then the second quantized Hamiltonian, Ĥ,

can be reduced to [108, 140]:

Ĥ =
e2

a0r2
s

(
∑
k̄λ

1

2
k̄2a†

k̄λ
ak̄λ +

rs
2V̄

∑
k̄p̄q̄

∑
λ1λ2

4π

q̄2
a†
k̄+q̄,λ1

a†p̄−q̄,λ2ap̄λ2ak̄λ1). (3.22)
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Here a0 = ~2
me2

is the Bohr radius, V is the volume of the material, and rs is a

normalized and dimensionless length variable, which is defined as:

rs =
r0

a0

, (3.23)

r0 ≡
3

√
4

3
π
N

V
, (3.24)

n0 =
N

V
. (3.25)

At this point, it is worthwhile to derive the relationship between mean electron

distance, rs, and the Fermi energy, EF , of the many electron system. This energy rep-

resents the lowest energy level at which all the states below are occupied by electrons.

The electron density may be related to the Fermi wave vector, kF as:

n0 =
k3
F

3π2
. (3.26)

By combining Eqs. 3.26,3.24, and 3.23, it can be shown that kF = 1.9192
a0rs

. Hence,

the Fermi energy becomes:

EF =
3.6832

r2
s

Ery, (3.27)

where Ery = 13.60eV is the Rydberg energy and serves as a standard unit of energy.

Importantly, in Eq. 3.22, the first term on the right hand side represents the

kinetic energy, T̂ , while the second term is for the potential energy, V̂ of inter-electron

Coulombic interactions:

T̂ =
e2

a0r2
s

∑
k̄λ

1

2
k̄2a†

k̄λ
ak̄λ, (3.28)

V̂ =
e2

a0r2
s

rs
2V̄

∑
k̄p̄q̄

∑
λ1λ2

4π

q̄2
a†
k̄+q̄,λ1

a†p̄−q̄,λ2ap̄λ2ak̄λ1 . (3.29)
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3.2.2 High density limit for a degenerate electron gas

In the high density limit for the case of the degenerate electron gas (rs → 0) and

the inter electron distance becomes small. Inspection of Eqs. 3.22, 3.28, and 3.29

indicates that at high density limit the potential term, V̂ , becomes minimal and is

indeed a perturbation for the kinetic energy term, T̂ . This is an interesting result,

mainly because while the potential term is neither weak nor short range, the system

can be solved through perturbation theory methods. The high density limit is a

good approximation for metals, in which a high density electron gas exists with a

positive background of ions. Hence, for metals it can conveniently be assumed that

the electrons form a free electron gas.

3.3 Ground state energy of a many-electron systems

Calculation of the ground state energy (GSE) of a given many electron system is

performed by various methods, the most well-known of which are perturbation theory,

Hartree-Fock (HF) approximation, and density-functional theory methods. Regard-

less of the method of selection, the details of these calculations are mathematically

involved and have been the subject of various advanced text books [108, 140, 141],

and scholarly articles [142, 143]. The outcomes of the two simplest approximations–

perturbation theory and HF methods–sufficiently provide insights on the physics of

the devices that are discussed in this dissertation. Hence, here a brief introduction is

presented on the specifics and outcomes of these methods.

The common general procedure in determining the GSE per particle, Egse is to

expand it in terms of the energy of the equivalent non-interacting system, E(0), and

additional energy terms, E(i) (i = 1, 2, . . . ,∞), that are attributed to the potential
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energies associated with inter-particle interactions:

Egse =
E

N
= E(0) + E(1) +

∞∑
i=2

E(i), (3.30)

where E and N are the total energy and total number of electrons in the many-

electron system.

The goal is now to find each term on the right hand side of Eq. 3.30. Various

techniques exist for fulfillment of this step, however, the widely used methods are

application of Green’s function and Feynman diagrams, as well as perturbation theory.

This step is usually mathematically involved and the method selection criteria heavily

depend on the complexity of the problem, which remain as the major subject of

concern in theoretical physics.

3.3.1 Hartree-Fock Approximation

The Hartree-Fock (HF) approximation assumes that the solution of the many-

electron problem to have the form of the Slatter determinant of Eq. 3.5, that was

described in Sec. 3.1.1.2. Consequently, the problem is reduced to finding the single-

particle wave functions from the Hamiltonian of the many-electron system. Another

simplification arises from the inclusion of interaction potential in the HF Hamiltonian.

In this approximation, the interaction term is replaced by the mean field that is acting

on an individual electron. This method ignores the dynamical behavior of electrons

and any spatial correlation that mutual interactions among electrons causes in the

energy of the system, and hence is inaccurate in this respect.

3.3.2 High electron density limit

As discussed in Sec. 3.2.2, at the high density limit of the degenerate electron

gas (rs → 0), the system is treated by calculating the first order perturbation of the
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potential term, V̂ (Eq. 3.29), on the non-interacting Hamiltonian of the system. The

overall Hamiltonian can be restated as the sum of the non-interacting Hamiltonian,

Ĥ0, and the perturbation term, Ĥ1, as:

ˆHMES = Ĥ0 + Ĥ1, (3.31)

Ĥ0 ≡ T̂ , Ĥ1 ≡ V̂ . (3.32)

Evaluation of the potential term is typically simplified through introduction of

the HF approximation, by only accounting for the mean field of electron interactions.

This results in the ground state energy per particle in this limit to become [140]:

lim
rs→0

E

N
=

e2

2a0

[
2.21

r2
s

− 0.916

rs
+O(r0

s)

]
. (3.33)

3.3.3 Exchange energy

The first term on the right hand side of Eq. 3.33 is the kinetic energy, while the

second term is the so called exchange energy. The latter is a manifestation of Pauli’s

exclusion principle in the overall energy of the the interacting system and appears

only in the quantum mechanical limit. Notably, the exchange energy contributes

negatively to the GSE. Furthermore, this perturbation technique ignores the terms

beyond the first order. These terms are called the correlation energies and are due

to the Coulombic interactions among electrons that cause a spatial correlation in

their position. For the case of the degenerate/homogenous electron gas, the exchange

energy becomes:

Ex = −0.916

rs
Ery. (3.34)
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3.3.4 Correlation energy

A major shortcoming of the Hartree-Fock approximation is in ignoring the high

order interactions in the electron system. This approximation limits the usefulness

of this method to the high density limit and cannot predict the energy term O(r0
s)

in Eq. 3.33. In fact, these energy terms can become significant at typical range of

1 < rs < 6 for metals. Consequently, it is essential to apply more advanced methods to

determine higher order contributions to GSE, which are known as correlation energy

terms, Ec. They account for spatial correlation in positions of electrons through

Coulombic interactions. This is a major departure from the HF approximation, in

which the effective mean potential field, due to a uniform electron distribution, was

assumed. The techniques of Random Phase Approximation (RPA), linear response

of the electron gas, and Green’s function path integrals are among the methods of

choice for evaluation of the correlation energy terms.

Inspecting Eq. 3.33 suggests an expectation of a power series expansion for the

GSE with respect to rs. The remaining terms can be calculated for the high density

limit of homogenous electron gas, that is:

Ec = [−0.094 + 0.0622 ln(rs) + 0.018rs ln(rs)]Ery, (3.35)

and for the overall GSE to be [108]:

lim
rs→0

Egse = Ekin+Ex+Ec =

[
2.21

r2
s

− 0.916

rs
−0.094+0.0622 ln(rs)+0.018rs ln(rs)

]
Ery.

(3.36)
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3.3.5 Low electron density limit:Wigner lattice

At low electron densities in a homogenous electron gas, in which rs → ∞, and

in the Hartree-Fock approximation of Eq. 3.33, the potential energy becomes the

dominant term over the kinetic energy. This is because Ekin ∝ r−2
s , while Ex ∝ r−1

s .

Hence it is expectedd [144] for electrons to form a solid lattice that would presumably

be a close-packed structure such as bcc or ccc in three-dimension or a hexagonal form

in a two-dimensional electron gas. A unit cell for this lattice is a sphere with a radius

of rsa0 with an electron at the center. There is also a positive charge inside the unit

cell, that neutralizes the overall charge. The localization of the positive background

charge in this limit, is a deviation from the uniformity assumption of the degenerate

electron gas. Hence, it becomes necessary to have a more accurate estimation for the

potential energy of this system at low-density limit (rs →∞).

Following the Wigner-Seitz model, the ground state energy at low-density limit

becomes:

lim
rs→∞

Egse =

[
2.21

r2
s

− 0.916

rs
+ EWigner

c

]
Ery, (3.37)

where

EWigner
c =

0.88

rs + 7.8
. (3.38)

The correlation energy that is given by Eq. 3.41 is correct for the low-density limit

(rs →∞) and fails to predict the right energy at high densities (rs → 0).

3.3.6 Intermediate electron densities

Practical materials have finite values for rs, and estimation of the ground state

energy that can account for the intermediate densities is critical. The GSE, however,

will still follow the expansion format of Eq. 3.30, with individual terms being a func-

tion of rs. In this case, the ground state energy is an interpolation of the two extreme
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cases of the low- and high-density limits. Multiple interpolation schemes have been

proposed, among which are the one by Nozieres and Pines [62], Carr and Maradudin

[145], and Lindgren and Rosen (LR) [108]. The latter has better agreement with both

the high-density limit of GSE of Eq. 3.36 and the low-density case of Eq. 3.37. The

transitional ground state energy of LR is given by [108]:

Egse =

[
2.21

r2
s

− 0.916

rs
+ ELR

c

]
Ery, (3.39)

ELR
c = −

[
rs + 3 + 4

√
rs −

0.08
√
rs

]
. (3.40)

3.3.7 Thermodynamic density of states

For a many electron system, the total energy of the system, E, is related to the

GSE by following Eq. 3.30 as:

E = NEgse(rs). (3.41)

The lack of experimental methods for direct measurement of the total and the ground

state energies serves as a motivation to define and investigate other observable prop-

erties of the system that can be calculated from the derivatives of GSE with respect

to the electron density, n. Specifically, the pressure, P, the chemical potential, µ, and

the compressibility, K, of the electron gas are of interest and can be calculated as:

µ =

(
∂E

∂N

)
V

=
∂nEgse(n)

∂n
, , (3.42)

1

nK
= −V

n

(
∂P

∂V

)
N

=
∂P

∂n
= n

∂µ

∂n
. (3.43)

The compressibility, K, of Eq. 3.43 is specifically of interest because of its de-

pendence on the evolution of the chemical potential with electron density. For a free

homogenous electron gas in which all interaction terms are suppressed, the compress-
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ibility becomes Kf = 3/(2EFn). It can be shown that under HF approximation, a

linear relationship holds between Kf/K and rs, as:

Kf

K
= 1− rs

6.02
. (3.44)

This result is similar to the other ones that are achieved through more sophisticated

assumptions, such as the one from RPA [146, 147], or that of Vashista and Singwi

[148]. Particularly, the linear relationship with rs holds true for all of them, with the

only difference being in the value of the denominator in the right hand side of Eq. 3.44.

Interestingly, there exist a zero-crossing at a critical rcriticals ∼ 6. This means that for

lower electron densities the compressibility is negative. Equivalently, at such critical

rs value, insertion of additional electrons in the electron gas results in a decrease in

chemical potential of the system. Conservation of energy requires that this decrement

in µ to be restored elsewhere in the overall system. Furthermore, there exist no actual

metal with rs > rcriticals . Hence, a corresponding critical electron density of ncritical can

be defined in a way that the electron gas displays “metallic” properties for n > ncritical,

while an “insulating” state occurs for n < ncritical. Experimental examination of this

model, however, is not possible in three-dimensional materials as there is no method

for varying the volume electron density. Fortunately, two-dimensional electron system

can be achieved in various material structures, as described in Chapters 1 and 2. The

density of these 2D electron system can be varied through field effect or by light

generated carriers.

3.4 A two-dimensional many-body fermion system

The concepts of the many-electron system that were discussed in previous sections

of this chapter are independent of the spatial dimensionality of the system, and they
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were quantified, however, for three-dimensional (3D) homogenous electron system of

“jellium” model [108, 140, 141]. A fundamental challenge in testing the proposed

models exist in experimentation of three-dimensional systems. Mainly, the total and

per particle ground state energy terms cannot be measured directly through experi-

ment. The principles of conservation of energy and momentum in a non-relativistic

condition can be of assistance for designing experiments that probe the variations of

GSE with a macroscopically controllable variable such as electron density, n. Hence

a successful method should address the following requirements:

I. Probing the dynamics of energy transfer, relaxation and restoration in the overall

system under test,

II. Relating the macroscopic measurable e.g. chemical potential and particle density

to the microscopic GSE,

III. Including at least one controllable independent variable (mainly particle den-

sity).

There exist experimental methods that can accomplish the objectives of the first

item in this list. Notably, the electric-field penetration technique [149, 150] and

the differential capacitance measurement method [26] are applied for this purpose.

These will be discussed in Sec. 3.5. The analytical principles that address the second

item were defined in Sec. 3.3.7 through introduction of the compressibility, chemical

potential and their dependence on macroscopic electron density. Item III in the list

emphasizes the controllability requirement of the independent variable. This is the

main discouragement for testing 3D many-electron systems, as it is impossible to

change the electron density in metals. This can be resolved, however, by selecting

two-dimensional (2D) many-electron gas as the system under test. For instance, the

density of 2D electron systems (2DES) is commonly set through a gate voltage in field
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effect transistors. Additionally, many established and novel 2D material systems, such

as high-electron mobility transistors, graphene, oxides etc., are available, in which a

2DES exists and its density can be controlled. In this section, the major properties

of a 2D many-fermion system are described with the intention of its application in

experimental test set-up.

3.4.1 Ground state energy for a 2DFS

All the principles that were described for a three-dimensional many fermion system

in previous sections are valid for a 2D election gas as well. The major difference,

however, is on the electron interaction potential term, Hel, term in the many-body

Hamiltonian that leads to quantitative deviations in the GSE for the 2D case. The

Coulomb potential field of an electron takes the form of v = e2

r
. This indicates

the long (and practically infinite) range of the Coulombic interaction. Application

of this potential field in the Hamiltonian of the jellium model causes convergence

problems in the overall interaction integral. In a mathematical procedure, known

as coulomb interaction regularization, the interaction potential is replaced with one

with a very long, yet finite, range and the overall system is analyzed in the limit

in which this range is much larger than any other physical length scale except the

spatial dimension of the device, L. A convenient choice for this potential is known as

“Yukawa” interaction [151], in which:

v(r, κ) = e2 exp(−κr)
r

, (3.45)

and e = 1.6× 10−19C is the charge of an electron. The solution to the many body

problem essentially converges to that of a system with Yukawa interaction potential

in the limit of κ → 0. The same procedure was taken into account for derivation

of the many-body Hamiltonian, ĤMBS of Eq. 3.22. In systems with lower spatial
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dimensionality, it is the interaction potential that is different from the 3D case. This is

better understood by investigating the Fourier transform of the interaction potential:

vq(κ) = v(q, κ) =

ˆ
v(q, κ)e−i~q.~rd~r. (3.46)

The value of the integral in Eq. 3.46 depends on the dimensionality of the system,

i.e.,

vq(κ) =


4πe2

q2+κ2
, 3−D,

2πe2√
q2+κ2

, 2−D.

Taking the limit κ→ 0 in the above expression results in the interaction potential as:

vq(κ) =


4πe2

q2
, 3−D,

2πe2

q
, 2−D.

Eq. 3.4.1 indicates that the interaction potential has different range and strength

which depends on the dimensionality of the system. The rest of the procedure for

computing the GSE for a 2DFS is similar to the 3D case, that was explained in

Sec. 3.2. The inter particle mean distance corresponding to a two-dimensional electron

density, n2D, becomes rs = (πn)−1/2

a0
. The outcomes for the three cases of high, low

and moderate electron density in a 2DFS case are as the following:

High density limit: Following the random phase approximation (RPA) theory [185],

the ground state energy in the 2D case becomes[141]:

lim
rs→0

E2D
gse =

(
1

r2
s

− 1.2

rs
− (0.38± 0.04)− 0.1726rs ln rs +O(rs)

)
Ery. (3.47)

Low density limit: Here a 2D electron Wigner solid is formed with a hexagonal

lattice and using the quantum Monte Carlo numerical techniques [152], the
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ground state energy becomes:

lim
rs→∞

E2D
gse =

(
−2.21

rs
+

1.59

r
3/2
s

+
0.15

r2
s

)
Ery. (3.48)

Intermediate density limit: The ground state energy for a 2D electron system at

intermediate electron densities becomes: [153]

E2D
gse =

(
1

r2
s

− 1.2

rs
e−1.39rs − 0.38 + (0.086rs + 0.057r2

s + 0.003r3
s)

× ln(1 +
1

1.002rs − 0.021r
3/2
s + 0.340r2

s + 0.002r3
s

)

)
Ery. (3.49)

3.4.2 Significance of exchange-correlation energies in 2D

Reduced dimensionality thus increases the contribution of the exchange and cor-

relation energies to the ground state energy. Table 3.1 summarizes the values for GSE

in 3D and 2D and for all the electron density limits. It can be seen that for a 2DES,

the kinetic energy term takes a lower value compared to its 3D counterpart. More

importantly, the ratio of the exchange and correlation energies to the kinetic term is

larger in lower dimensions. This indicates the significance of the quantum mechanical

exchange and correlation energies in lower dimensions.

3.4.3 Compressibility for a 2DFS

Experimental procedures are required to verify the theories described in previous

sections. A macroscopically measurable is required to be identified that could probe

the microscopic energy evolutions with variations in rs. For this reason, compress-

ibility of a 2DFS is specifically interesting as it may be quantified experimentally. It

is essential to derive the relation between the compressibility, the ground state en-

ergy, and the inter-particle distance rs. Eq. 3.43 provides a dimensional-independent
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Table 3.1: Ground State Energy dependence on dimensionality.

GSE = Kinetic + Exchange + Correlation

limrs Egse(rs) = Ekin(rs)+ Ex(rs) + Ec(rs)

rs → 0
3D : 2.21

r2s
+ (−0.916

rs
) +(−0.094 + 0.0622 ln(rs) + 0.018rs ln(rs))

2D: 1
r2s

+ (−1.2
rs

) + −(0.38± 0.04)− 0.1726rs ln rs

0 < rs <
∞

3D: 2.21
r2s

+ (−0.916
rs

) + −

(
rs + 3 + 4

√
rs − 0.08√

rs

)

2D: 1
r2s

+(−1.2
rs
e−1.39rs)+

[
− 0.38 + (0.086rs + 0.057r2

s + 0.003r3
s)

× ln(1 + 1

1.002rs−0.021r
3/2
s +0.340r2s+0.002r3s

)

]

rs →∞
3D: 2.21

r2s
+ (−0.916

rs
) + 0.88

rs+7.8

2D: 0.15
r2s

+ (−2.21
rs

) + 1.59

r
3/2
s

definition for compressibility, and the respective GSE equation from Table 3.1 can

be utilized to find the compressibility and the chemical potential for a d-dimensional

system:

µ =

(
∂E

∂N

)
V

= Egse(rs)−
rs
d
E ′gse(rs), , (3.50)

1

nK
= n

∂µ

∂n
=
rs
d

[
1− d
d

E ′gse(rs) +
rs
d
E ′′gse(rs)

]
. (3.51)

The normalized compressibility,
Kf
K

, then follows from Eq. 3.51:

Kf

K
= 1 +

d+ 1

d+ 2

Ex(rs)

2Ekin(rs)
− rs

2Ekin(rs)(d+ 2)

[
(d− 1)E ′c(rs)− rsE ′′c (rs)

]
. (3.52)
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3.4.4 Phase transition in a 2DFS

Interestingly, investigation of Eq. 3.52 indicates that for the jellium model at

low densities of rs > 2.03 in 2D and rs > 5.25 in 3D the compressibility, K, be-

comes negative. This is in contrast with the necessary condition for the stability

of a thermodynamic system, as it requires K > 0. In reality, the stiffness of the

positive background compensates for the negative compressibility of the electron gas

and maintain the overall stability of the system. This is, however, a deviation from

the initial assumption of charge uniformity in jellium model [141]. Furthermore, since

K−1 ∝ dµ
dn

, a negative compressibility infers that a decrement in charge density results

in an enhancement in chemical potential. Conversely, this contradicts the predictions

of classical thermodynamics, and this feature is exclusive to quantum many-electron

system.

The anti-symmetric nature of the fermions and long-range Coulombic interactions

among electrons adds the exchange and correlation energy terms that contribute

negatively to the GSE, also seen in Table 3.1. As the electron density decreases

(rs → ∞), at certain critical value of rcriticals = 2.03 in 2D and rcriticals = 5.25 in 3D,

the exchange and correlation energy terms become larger than the kinetic energy and

both the chemical potential, µ and the compressibility K become negative. These

critical points are the transition from a metallic phase (rs → 0) to an insulating

phase (rs → ∞). At the metallic phase, the Coulombic interactions are treated as

a perturbation on the kinetic term, while in the insulating phase the latter becomes

insignificant and the whole system approaches the state of a Wigner lattice.

3.4.5 Critical carrier densities for a metal-insulator transition

Electron density is the main macroscopic measurable in electronic and photonic

devices, hence it is helpful to determine the electron densities that correspond to the
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critical inter particle distance, at which a metal-insulator transition (MIT) occurs

for a many-electron system [181, 188]. Since rsa0 is the radius of the d-dimensional

sphere it encloses, on the average, one electron, the electron density is given by:

1

n
=


4π
3

(rsa0)3, 3−D,

π(rsa0)2, 2−D.

For the critical rcriticals of a MIT that was calculated in Sec. 3.4.3, the corresponding

critical densities become:

rcriticals

∣∣∣
3D

= 5.25↔ n3D
critical = 1.11× 1022cm−3,

rcriticals

∣∣∣
2D

= 2.03↔ n2D
critical = 4.13× 1014cm−2. (3.53)

The critical densities of Eq. 3.53 are valid for many-electron systems of a jellium

model. In practical structures, however, the values of the effective mass, m∗e, and the

dielectric constant εs are set by the background material. For instance, for GaAs the

effective mass and dielectric function are m∗e ' 0.067me, and εs ∼ 12, respectively.

Consequently, it is required to define the effective Bohr radius, a∗ for the material of

interest according to:

a∗ =
~2εsε0
m∗e2

=
εs
m∗

a0. (3.54)

For the case of GaAs the resulting effective Bohr radius is a∗GaAs ' 9.5nm, which is

much larger than that of the hydrogen atom (a0 = 0.5294Å). In GaAs then, the de

Broglie wavelength of an electron is comparable with the effective Bohr radius and the

overlap of wave functions for electrons is enhanced. This enhances the inter-electron

interactions, hence the rcriticals value for GaAs becomes much smaller compared to

Eq. 3.53. Consequently, any calculation of the critical particle density for a MIT has
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to account for the effective Bohr radius of the host material.

3.5 Unconventional capacitors with 2DFS

Two dimensional charge systems can be utilized to replicate metallic contacts for

electrical connection. Specifically, a set of “unconventional” devices can be imagined

by substitution of conventional metal contacts by a 2DCS counterfeit. For instance

an “Unconventional” capacitor (UC) has a 2DCS replacing one or both of its metal

plates. Unlike metals, however, the particle density of an artificial 2DCS can be varied

through an applied external field, such as electric potential, or through deposition of

carriers generated by incident photons. Following the discussions in Sec. 3.4, the

carrier density in a 2D fermion system determines its ground state energy, comprised

of the kinetic, exchange and correlation energy terms. Variations in the carrier density

of 2DCS, hence, provides a degree of freedom in manipulating the GSE and control

the performance characteristics of any unconventional device that includes a 2DCS.

Specifically, in an unconventional parallel plate capacitor the evolution of the chemical

potential (and the GSE) with carrier density can be traced through measurement of

differential capacitance of the UC. Compressibility of the 2DCS can then be extracted

to verify the theoretical predictions of Sec. 3.4.

3.5.1 Finite density of states in a 2DFS

In classical mechanics, it is a fact that a metal plate screens the electric field around

it, hence if such a plate is inserted in a parallel plate capacitor, as in Fig. 3.1(a),

the overall capacitance becomes Ctot = C1 = ε1/d1, in which C1 is the geometric

capacitance of the inserted and the top plate with d1 being the distance between

the planes, and ε1 is the dielectric constant of the enclosed medium. The equivalent

circuit is indicated in Fig. 3.1(b). In contrast to this is the case where the inserted
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plate is replaced with a two-dimensional fermion system(Fiq. 3.1(c)). Such a system

is typically attained in a quantum well in III-V semiconductor heterojunctions [16,

37, 134, 154, 155], the inversion layer of field effect transistors [156, 157, 158], or other

novel material structure [13, 14, 15, 38, 159] as detailed in Chaps. 1 and 2. Here an

additional capacitive mechanism is defined as a “quantum capacitance,” CQ, that is

found by [22]:

CQ = gv
m∗e2

π~2
, (3.55)

in which gv is the valley degeneracy factor and m∗ is fermion effective mass in a direc-

tion transverse to the 2D plane. This quantum capacitance effect is a property of the

many-body 2D system, and has a different origin from inversion-layer capacitance in

field effect transistors. Since Pauli’s exclusion principle requires a finite energy expen-

diture for addition of an extra fermion to a many-particle system, the density of states

(DOS) of this system becomes finite. In the unconventional structure of Fig. 3.1(c),

the Fermi level of the 2DFS is kept constant. Hence it can not accommodate an

increment of charge dq due to its finite DOS. The conservation of energy, however,

requires any potential variation of dV , that is applied to the top plate, and hence

its associated electric field dE, to penetrate through the 2D plane. The equivalent

circuit, then takes the form of Fig. 3.1(d). In the classical limit, at which ~→ 0, the

quantum capacitance CQ →∞ and the system is reduced to the capacitance of C1.

The quantum capacitance of Eq. 3.55 depends on the effective mass. For electrons

in the inversion layer of a Si-based FET, m∗ = 0.98m0, hence CQ is much larger than

any geometric capacitance at the practical sizes of FETs. Hence no significant effect

from CQ is generally observed in the capacitance performance of conventional FETs.

In devices that are based on other materials, such as GaAs, in which the effective mass

is much smaller (m ∗ |GaAs = 0.067m0), the quantum capacitance becomes critical in

determining the overall performance of the device [8, 22, 23, 24, 26, 89, 149, 150,
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Figure 3.1: a) A series of three parallel metal sheets, with the middle metal screening
all the electric field, b) the equivalent circuit model for the structure in (a), c) a
structure similar to (a) but with a 2D fermion system utilized as the middle plate;
electric field lines penetrate through the 2DFS, as it has a finite density of states, and
d) the equivalent circuit model for the structure in (c); notably, additional capacitive
elements of CQ and C2 appear in the model because of quantum nature of the 2DFS.

159, 160, 161, 162, 163, 164, 165]. This feature of the 2DFS is utilized to construct

experiments for probing the GSE of the many-body system. As a final note, the

quantum capacitance, as defined in Eq. 3.55, is merely a consequence of the finite

density DOS that originates from Pauli’s exclusion principle. Another capacitive

mechanism is also related to the Pauli’s exclusion principle, however, that is due to

the anti-symmetry wave function and indistinguishability of fermions. The latter is

called the “exchange” capacitance and will be the subject of discussion in Sec. 3.5.4.
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3.5.2 Experimental measurement of the ground state energy of a 2DFS

The standard experimental method for probing the thermodynamic density of

states for a 2DFS is based on a “field penetration technique” [149]. Fig. 3.2 shows

the general scheme for performing this measurement. In this method two layers of

2DES are places in parallel with each other and under a top gate contact. A DC

bias voltage, Vg, is applied to the top gate, which induces an electric field E0 and

controls the density of the 2DES. An ac voltage, Vac is also superimposed to Vg that

adds an increment of electric field, δE0 to the DC field. Since the 2DES has a finite

density of states, as described in Sec. 3.5.1, the electric field penetrates through the

top 2DES and reaches the bottom (2D) layer. Hence, a signal voltage Vsig, which is

proportional to the penetrated field, δEp, can be measure at the bottom 2DES layer.

The thermodynamic density of states (dµ/dn) for the top and bottom 2DES layers

are then found from the ratio δEp/δE0 [149, 150]:

δEp
δE0

=
dt

a∗ + dt + db
, (3.56)

wheredt,b = (
εrε0
e2

)× ∂µt,b
∂nt,b

, (3.57)

and a∗ is the effective Bohr radius, n is the electron density, and subscripts t and b

denote the top and the bottom 2DES layers, respectively.

3.5.3 Classical definition of capacitance

The mutual capacitance, C, between two conductors is defined as the amount of

charge that can be stored on each plane, Q, per unit of voltage difference between

the planes, V .

Q = CV (3.58)
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Figure 3.2: Experimental set up for measuring the compressibility by Eisenstein et al
[150].

Classical calculation of this capacitance is generally done by applying Gauss’s and

Poisson’s equation for a given system. Conventional capacitors are composed of two

metallic electrodes that are separated by a dielectric medium. The geometry of each

electrode can be arbitrary. Following classical electrostatics, if a charge of +Q is

delivered to one of the electrodes, a charge of −Q will be induced on the other

electrode in order to keep the overall system neutral. An electric field, ~E, then exists

between the electrodes and is calculated through applying Gauss’s law:

Q =

‹
S

εrε0 ~E. ~dA, (3.59)

where ~dA is a vector representing an infinitesimal element of area, εr is the relative

dielectric constant of medium, and ε0 represents the dielectric constant of the vacuum.
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The electric field ~E, the charge distribution Q, and the potential are related through

Poisson’s equation as:

∇2.V =
Q

εrε0
. (3.60)

The rest of the problem becomes a matter of algebraic calculations of the integrals in

Eqs. 3.59 and 3.60. The most well-known instance of this classical problem is the case

of a parallel plate capacitor with two metallic electrodes with area S and separation

distance of d. The geometrical capacitance is:

C =
εrε0S

d
. (3.61)

Importantly, the capacitance, in its classical calculation, is solely determined by the

geometry of the system and the dielectric properties of the medium. Hence it is often

called the “geometrical” capacitance for a given structure. Additionally, classical

electrostatics require any conductor to be equipotential, hence for a capacitor all

the voltage difference between the conducting planes essentially drops across the

dielectric. The work, dW , that is required to add an increment charge of dq to

capacitor plates with charge q and against the potential V is provided by an external

force, and equals:

dW = V.dq =
q

C
dq. (3.62)

Hence, total energy to place total charge of Q against a potential difference V on

capacitor plates is derived by integration of Eq. 3.62:

Wcharging =

ˆ
dW =

ˆ Q

0

q

C
dq =

1

2

Q2

V
=

1

2
CV 2. (3.63)
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This energy is stored in the electric field that exists between the capacitor plates,

and:

Wstorage = Wcharging. (3.64)

In the classical definition of capacitance, the energy expenditure is only for keeping

the charges separated by the distance between the capacitor plates. Hence the amount

of the work for adding an increment of charge to a metal contact is zero. Equivalently

the chemical potential of the individual plates of the capacitor does not change with

addition of charge. This assumption is valid for metals, in which adding an extra

electron to the metal does not significantly change the total energy of the system.

Conversely, if the metal contact is substituted by an “unconventional” system of

charge, such as a 2D fermion system, the amount of energy that is required to add an

increment of charge to the system becomes non-zero, and depending on the properties

of the 2DFS, it can become a significant factor. It is thus necessary to define new

capacitive mechanisms that account for such energy dynamics inside the 2DFS.

3.5.4 Revisiting capacitance definition for an unconventional capacitor

When a 2DFS substitutes one or both plates of a parallel plate capacitor, the

classical electrostatics will not be valid anymore. Specifically, following the discussions

of Secs. 3.3 and 3.4, adding an incremental charge of dq to the unconventional plate

requires a non-zero energy expenditure dµ and the chemical potential,µ, of the many-

body system changes. This is in contrast with classical calculations, in which dµ = 0.

In an unconventional parallel plate capacitor, the overall energy of the device has to

account for the quantum mechanical energy terms for both plates:

Etot = EHartree +
∑
i

Ekin,i +
∑
i

Eex,i +
∑
i

Ecorr,i +
∑
i

Eext,i (3.65)
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C−1
tot = C−1

geo +
∑
i

C−1
kin,i +

∑
i

C−1
ex,i +

∑
i

C−1
corr,i +

∑
i

C−1
el−ncc,i (3.66)

The exchange capacitance becomes [89]:

4πε0/C
(2D)
ex,i = −

√
2aBrs/εeff,i, (3.67)

and the correlation capacitance is defined as:

4πε0/C
(2D)
corr,i =

πaBr
2
s

εeff,i

a0

y

[
− 3

32
u+

(
1 +

3

4
u

)
x

y
+ (1 + u)×

(
x2

y2
− z

y

)]
, (3.68)

where u, x, y, and z are auxiliary coefficients that depend on rs and are defined as:

u(rs) = 1.13r0.5
s , (3.69)

y(rs) = 1 + 1.13r0.5
s + 0.9052rs + 0.4165r1.5

s , (3.70)

x(rs) =
1.13

4
r0.5
s +

0.9052

2
rs +

3

4
× 0.4165r1.5

s , (3.71)

and z(rs) =
5

32
× 1.13r0.5

s +
3

8
× 0.9052rs +

21

32
× 0.4165r1.5

s . (3.72)

3.6 Conclusion

In this chapter, the theoretical background for a quantum many fermion system

was described. A second quantization approach was taken by which the property of

indistinguishability of fermions was inherently accounted for. By using this method,

the number density of the particles and the ground state energy of the system were

calculated. It was shown that for a correlated system of fermions (electrons), exchange

and correlation energy terms exist in addition to the kinetic energy of the particles.

The contribution of these energy terms to the ground state was negative. Impor-

tantly, these energy terms depend on the electron density and the degree of freedom
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in spatial dimensionality of the system. Specifically, the exchange-correlation energies

are emphasized for a 2D system due to higher level of Coulombic correlations among

electrons. Furthermore, capacitive mechanisms related to exchange and correlation

energies, were identified in an unconventional capacitor at which a 2DES comprises

one or both plates. Such quantum capacitors may contribute negatively to the over-

all equivalent capacitance of the unconventional device. In the next chapter, these

capacitive mechanisms are observed and described in the C-V characteristics of un-

conventional MSM-2DCS devices. Moreover, methods for judicious manipulations of

the exchange and correlation energies are presented and applied for electronic and

photonic applications.
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4. Correlated 2D charge systems for optoelectronic applications

The quantum mechanical exchange and correlation energy terms were identified in

Chap. 3 to contribute negatively to the ground state energy of a many-fermion system.

It was shown (3.1) that reduced spatial dimensionality emphasizes their contribution

to the overall energy. Furthermore, these energies are dependent on the inter-particle

distance, rs, hence can be controlled by varying the particle density. At this chapter,

exchange and correlation energies are manipulated by means of a bias voltage and

light-generated carriers in unconventional MSMs.

4.1 Anomalous features in capacitance of MSM-2DES varactor

Moderation of internal quantum mechanical energies, such as exchange energy of

an unconventional contact, comprised of a system of two-dimensional charge carriers,

improves performance merits of varactors, mainly in tuning ratio and sensitivity.

Energy transfer from the unconventional contact to the dielectric increases energy

density and enhances the capacitance of the varactor. The anomalous capacitance

enhancement was observed in the C-V characteristics of the MSM-2DES varactor in

Chap. 2. The explanation of the underlying physics for this “Batman” shape CE is

the subject of this section. We argue that manipulation of ground state energy of the

embedded correlated 2DCS account for the exotic features in the C-V. Furthermore,

a new photodetector device is proposed in Sec. 4.2 that functions based on light-

triggered capacitance enhancement in an “unconventional” MSM with a 2D hole

system.
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4.1.1 Very large capacitance enhancement in an MSM-2DES capacitor

The C-V characteristics of the MSM-2DES capacitor (Fig. 2.9) includes an anoma-

lous capacitance enhancement feature, that resembles a “Batman” shape. At around

a threshold voltage of Vth, the capacitance of the device increases by up to 26% from

the pre-threshold capacitance of C2DES. This is in contrast with semi-classical expec-

tation, following the charge control model (Sec. 2.2.9) [30], that predicts a gradual

decline in capacitance with depletion of the electrons from the “unconventional” con-

tact. Distinctively, the CE for the MSM-2DES capacitor occurs at probe frequencies

of up to 500kHz and at room temperature, while prior reports on CE had observed

it only up to ‘tens’ of Hertzs.

Interestingly, the CE feature was not observed in the C-V of the control device of

Chap. 2 that lacked the 2DES. Hence, it can be attributed to the quantum aspects

of the 2D electron layer discussed in Chap 3. The existence of the CE feature, also,

positively impacts the performance of the MSM-2DES as a varactor. The tuning

ratio of this MSM-2DES varactor increases linearly with the peak capacitance in

C-V. Hence, with a 26% increase in maximum capacitance, that is achieved at the

peak of the “Batman” shape of CE, the tuning ratio improves with the same relative

value. Similar CE features have been proposed as a gate capacitance enhancer for

MOSFETs [26] as an alternative to high-κ dielectric materials [184].

4.1.2 Metal-insulator transition (MIT) in MSM-2DES capacitor

In Sec. 2.2.10 three charge control mechanisms were identified for the capacitance

performance of the MSM-2DES capacitor:

1. C2DES : the quasi-constant pre threshold capacitance that has the 2DES under-

neath the cathode for its “unconventional contact.
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2. Clat : the post-threshold lateral capacitance with the edge of the preserved 2DES

as its “unconventional” contact.

3. Cbulk : the post-threshold depletion capacitance of the Schottky-semiconductor

junction.

While these mechanisms were identified by a semi-classical charge control model,

the concepts of many-body interactions can be applied to them. Specifically, C2DES

and Clat both include certain forms of a correlated many-electron contact and can

be treated by the theory of Sec. 3.5 for “unconventional” capacitors. C2DES and Clat

have the 2D plane of electrons underneath the cathode and the quasi 1D edge of the

conserved 2DES in the gap as their respective unconventional plates. The essential

theory for treating the correlated 1D charge system will be addressed in Chap. 5.

The giant “Batman” shaped CE feature is attributed to the negative compress-

ibility of the 2DES. It is manifested as a negative exchange-correlation capacitor,

Cex−corr, that is in series with the geometrical capacitance of the plate capacitor. It

has been previously observed for a two-dimensional electron system and is attributed

to the negative compressibility of the 2DES [26], which occurs when the 2DES transi-

tions from a high density interacting system to a depleted non-interacting one. This

is due to negative thermodynamic density of states for a 2DEG [25]. Here, the ad-

dition of exchange and correlation energies of the interacting many-body system of

2DEG, as the unconventional contact, to the stored energy inside the electric field

of the dielectric, results in an enhancement in the overall capacitance, as an energy

storage device [23, 24].

To the lowest order of approximation, Coulombic interactions produce a negative

exchange contribution to the chemical potential of the electron system. This term

that is inversely proportional to the mean inter-electron spacing, rs, as described in

Chap. 3, exceeds the kinetic energy at low densities. With K0 being the compress-
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ibility of the non-interacting system, for a 2DES, the ratio K/K0 declines linearly

with an increase in rs, and becomes negative at rs = 2.2 in the limit of the Hartree-

Fock approximation. It corresponds to a critical density ncritical = 6.5 × 1010cm−2

for GaAs [150]. In other approximations, such as the one by Tanatar and Ceperley

[142], ncritical is 20% larger than the one by Hartee-Fock. The electron concentration

of the 2DES layer for the MSM-2DES capacitor was calculated by the charge control

model (Sec. 2.2.10) to be n2DES = 4.6× 1011cm−2, which is greater than the critical

value; hence, this 2DES is in a metallic phase in which the positive kinetic energy

term is the dominant factor in the ground state energy. By applying a bias voltage

between the anode and cathode, the latter Schottky contact will be inversely biased,

and its depletion field depletes the 2DES underneath. At VCE = 1.5V, the electron

density reaches the critical value: n2DES|1.5V ∼ ncritical, at which the negative ex-

change and correlation terms become equal or greater than the kinetic energy, hence

the compressibility becomes negative (see sec.3.4.3) and the 2DES enters an insulat-

ing phase. This metal-insulator transition is typically observed as an enhancement

in capacitance [26, 89], that is larger than the geometrical value associated with the

structure as was shown in Sec. 3.5. Consequently, in this unconventional MSM-2DES

capacitor, exchange and correlation energies are controlled by manipulating the 2DES

density. As a result, device performance as a varactor is greatly improved surpassing

geometrical capacitance values, hence setting a performance record.

4.1.3 C-V characteristics under a light source

Fig. 4.1 compares the dark and under illumination C-V characteristics of the

“small” MSM-2DES capacitor with 5µm of pad separation. A white microscope light

was incident on the device, however, the specifics of the illumination remained un-

characterized. The C-V under illumination exhibits features that are starkly different
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from the dark. Interestingly, a giant secondary peak that takes a shape similar to a

sail, as large as 50pF at PF = 10kHz, appears at the post-threshold bias voltages

(∼ Vbias = 3.9V ). The peak value decreases with an increase in probe frequency.

Such behavior is entirely absent in the dark C-V at similar probe frequency range.

Furthermore, no negative capacitance exists in the C-V under light. At its peak,

the capacitance under light, Clight, becomes more than 12 times greater the dark

value, Cdark, at the same bias point. This C-V characteristics under an illumina-

tion resemble that of the MSM-2DES at dark that were measured at frequencies less

than 3kHz (see Fig. 2.9). This “sail” shape peak exists in addition to the “Barman”

shape capacitance enhancement feature. The “Barman” CE feature in the C-V un-
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Figure 4.1: Capacitance-Voltage of MSM-2DES capacitor under microscope light.

der light does not exhibit significant differences, in magnitude and shape, with the
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one observed at dark. The bias voltage at which the peak of the CE is observed

and the threshold voltage, where an abrupt decline in C-V occurs, however, increases

by ∼ 0.25V in presence of an illumination. This shift is expected since addition of

the light-generated electrons to the 2DES increases its density which then requires

a greater bias voltages to be fully depleted from underneath the cathode. It can be

concluded that the “Batman” CE that is observed in C-V under illumination incurs

the same physical origin similar to its counterpart in the dark C-V, as explained in

Sec. 4.1.1.

The “sail” CE feature that is present in the C-V under illumination is its major

distinction with the one in the dark. It occurs at bias voltages that the 2DES un-

derneath the cathode is totally depleted and the main charge control mechanisms are

due to Clat and Cbulk. The latter is not expected to exhibit significant changes under

light, as the incident microscope light is neither coherent nor of high intensity, hence

the bulk carrier distribution, i.e., Cbulk will not vary.

There have been suggestions on giant capacitance values for low-dimensional con-

ductors arising from the long-range Coulomb potential [193]. An inspection of the

charge control mechanism for Clat leads us to suggest that the negative thermody-

namic density of states associated to the edge of the preserved 2DES may be respon-

sible for the giant “sail” shape CE feature. Clat is an “unconventional” capacitor with

the edges of the cathode and the preserved 2DES as its contacts. These edges can

be considered a quasi one-dimensional electron system (1DES), the density of which

can be varied by applying a bias voltage, as well as by addition of light-generated

carriers. Coulombic interactions in a 1DES is generally stronger than the 2- and

3-D cases, and the exchange and correlation energies are expected to be more criti-

cal. Hence capacitance enhancements in a 1DES is more pronounced. In the case of

the MSM-2DES device, it is feasible that in dark the edge 1DES density is below a
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certain critical value, n1DES
critical, (that can be different from the ncritical for the 2DES).

Under illumination, the 1DES density surpasses the critical value due to addition of

the light-generated electrons. It is then depleted to levels below n1DES
critical by means

of a bias voltage. This enforced transition could appear as the “sail” CE feature in

the C-V under illumination. This proposal, however, requires further experimental

verification with less uncertainty in the incident illumination conditions.

4.1.4 Local triggering of a MIT: Capacitance mapping

Further evidence in support for the hypothesis of Sec. 4.1.3 is attained through C-

V measurement under a local excitation of the MSM-2DES by a coherent illumination.

In order to exclusively probe the CE due to the lateral Clat, a 50nm insulating SiN

layer is grown on top of the AlGaAs layer. The contacts are then deposited on the SiN.

The density of the 2DES in the QW is then reduced to an “insulating” phase due to

surface states introduced by the SiN/AlGaAs interface. This is verified by examining

the C-V characteristics of this device at dark, which is shown in Fig. 4.2(a). The C-V

has an equilibrium capacitance of C0V = 5pF at no bias. At a threshold voltage of

Vth = 1V, capacitance abruptly drops to and remains less than 200fF . This behavior

is similar to the MSM-2DES capacitor of Secs. 2.2.1 and 2.4. The transition of the

2DES underneath the cathode from a dense could of 2D electrons at equilibrium to a

total depletion under adequate bias voltage accounts for the bi-state behavior in the

C-V. Consequently, the unconventional parallel-plate capacitor that is comprised of

the cathode and the 2DES as its plates, is varied from a finite value to zero. A band

bending that is due to the SiN/AlGaAs interface states reduces the 2DES density to

a level below ncritical; hence no CE feature is observed in dark.

A laser light with a spot size of ∼ 1µm at the wavelength of 780nm (optical den-

sity of 260W/mm2), and a variable location is then incident on the MSM-2DES device
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Figure 4.2: Capacitance mapping of the MSM-2DES capacitor by a location varying
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with an overall top SiN layer. The C-V characteristics is measured at various location

of the laser light on top of the contacts and across the gap between them. A “small”

device with a 7µm contact separation was selected for this purpose. Figs. 4.2(b) and

(c) indicate the incident illumination spots on the device and the associated C-V char-

acteristics, respectively. The C-V under light was measured using the same LCRmeter

and an optical scanning system while the photocapacitance vs. voltage was recorded

as a function of the laser spot position on the sample, as indicated in Fig. 4.2(b).

All photo-capacitance measurements were performed at room temperature. The C-V

under light, shown in Fig. 4.2(c), exhibits significant differences with the dark, mainly

in a larger C0V value of 80pF , and existence of a capacitance enhancement of up to

70% at the threshold voltage, Vth. With the illumination present on the device, gener-

ated electron-hole pairs in the GaAs absorption region are separated by the vertically

aligned internal electric field. The electrons are then drifted to the QW, while the

holes are pushed deeper in the device. Consequently, the net density of the 2DES

increases, which is observed as a larger C0V in the C-V. Noticeably, the equilibrium

capacitance is about 8 times greater than the expected geometrical capacitance of

the cathode-to-2DES of ∼ 10pF . The underlying reason for this drastic change is
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deferred to further investigation and is beyond the scope of this dissertation.

Importantly, at the bias voltage of Vth = −1V in the C-V under light, a “sail”

shape CE feature is observed, where the capacitance is 17pF , and enhances to 30pF

at VCE = −1.5V, which is an enhancement of more than 70%. This peak appears in a

post-threshold bias voltage, at which Clat is the dominant charge control mechanism

and C0V has no effect. The light-to-dark capacitance ratio at the same bias voltage

is Clight/Cdark = 150, showing an enlargement of more than two orders of magnitude.

This suggests suitability of the SiN-capped MSM-2DES device for capacitive based

photo-detection.

The wavelength of the incident illumination is selected to insure that absorption

only occurs at the GaAs layer. With the movement of the laser spot toward cath-

ode, the pre-threshold C0V capacitance does not show appreciable changes. This

indicates that addition of the photo-generated electrons does not significantly change

the equilibrium state of the system. When the laser spot is moved away from the

anode, the observed “sail” peak at VCE = −1.5V decreases from 30pF for spot G

to 18pF at point L. Equivalently, as the region at which carriers are generated by

light, is moved away from the reversely biased anode, the value of Clat reduces. This

“unconventional” capacitor has the edge of the anode and the quasi 1DES edge of

the existing two-dimensional system in the gap as contacts. It can be hypothesized

that distancing the laser spot from the edge results into fewer carriers to add to the

edge 1DES; hence the transition to levels above n1DES
critical could not happen, which is

manifested in the C-V as a reduced peak value of the “sail” shape CE. Thus the

quantum capacitance of Clat can only be activated when enough carriers are provided

through light-generated electrons to force the transition from a metallic into an in-

sulating system. Finally, the internal energies of the edge 1DES are manipulated

by light-generated carriers by a local excitation. This features adds a spatial resolu-
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tion for this class of capacitive-based photodetectors that operate on management of

exchange and correlation energies of unconventional capacitors.

4.2 An MSM-2DHS capacitor for photo-detection

In this section a capacitive-based photodetection method is proposed that manip-

ulates Uex−corr of an embedded 2DCS through introduction of light-generated carriers.

This technique is demonstrated in a device with a planar MSM structure[93] that in-

cludes an additional embedded third plate consisting of a 2D hole system (2DHS). In

dark, the C-V characteristic of this device shows behavior of a switchable capacitor.

Under sufficient optical power, however, it exhibits a giant CE of more than 200% at

critical bias voltages. This feature of CE is attributed to the negative Cex−corr, and

is triggered when addition of light-generated carries increases the density of the em-

bedded 2DHS to above a certain critical threshold, at which contribution of Uex−corr

becomes significant. Since the peak capacitance under light reaches values that are

over two orders of magnitude greater than its dark amount, this unconventional MSM-

2DHS device opens a new concept in realization of capacitance-based photodetectors.

4.2.1 MSM-2DHS fabrication

The device is comprised of two Schottky contacts, fabricated on the top surface,

with an embedded 2DHS, as seen in the layer structure in Fig. 4.3(a). On a GaAs sub-

strate, 200nm of GaAs buffer layer was grown by molecular beam epitaxy (MBE). A

118nm GaAs absorption layer and a consecutive 57nm Al0.5Ga0.5As barrier layer were

then grown to form a heterostructure on top of the Bragg reflector. Specifically, the

thickness of the GaAs absorption layers was chosen to address the trade-off between

quantum efficiency and speed of response, similar to that of MSM photodetectors

[36, 77]. The selection of the AlGaAs layer thickness follows the design considera-
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tions of modulation-doped field effect transistors [30]. A p-type 2.5 × 1012cm−2 Be

delta-doping layer was introduced at 7nm distance from the GaAs/AlGaAs hetero-

interface on the AlGaAs side. Schottky contacts were defined by optical lithography,

Ti(10nm)/Au(90nm) metal deposition, and subsequent lift-off. An interdigitated pat-

tern was fabricated on a 60 × 40µm2 active area on the top layer, as shown in the

SEM image in Fig. 4.3(c). Additionally, control devices with identical layer structure
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Figure 4.3: MSM-2DHS capacitor: a) Layer structure, b) Energy band diagram for
the main device, c) Top view SEM image of the capacitor, and d)Energy band diagram
for the “control” device.

were fabricated with the delta-doping level reduced to 1.0× 1012cm−2.
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The energy band diagrams and carrier (hole) densities were calculated by a Poisson-

Schrödinger equation solver for this MSM-2D capacitor, which indicate formation of

a triangular quantum well at the GaAs/AlGaAs interface, populated by a 2D sheet of

holes, as shown in Fig. 4.3(b). For the control device, however, such 2D hole system

does not exists, as it is inferred from the Fermi level location in Fig. 4.3(d).
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The reflectivity vs. wavelength of an incident illumination on both of the devices is

shown in Fig. 4.4(a), with highest value observed at 830nm, which corresponds to the

band gap of GaAs (1.42eV). This is mainly because of the incorporated Bragg reflector

in the layer structure, to maximize the absorption of light in the GaAs absorption

region. The majority of all other wavelengths pass through the layer structure, while

the photons with 830nm of wavelength are reflected back to the GaAs region and

also observed as a peak in the reflectivity curve. The maximized absorption can is

verified in the current vs wavelength characteristics of Fig. 4.4. Both devices have a

maximum photocurrent at a 5V bias and under 830nm of illumination. Importantly,

MSM-2DHS and the control device have identical dependencies on the incident light.

This is critical for fair comparison of the device capacitive performance under light,

that will be discussed in Sec. 4.2.4.

4.2.2 I-V characteristics at dark

Figs. 4.5(a) and (b) show the current-voltage (I-V) characteristics of the MSM-

2DHS and the control devices in dark and under various optical powers in a 3−353µW

range of an incident 850nm laser light with a spot size of 20µm, that covers the whole

active area of the interdigitated structure. At dark both devices exhibit currents

levels that are smaller than 10pA, indicating the influence of Schottky contacts and

a high quality GaAs/AlGaAs interface with limited surface states. The MSM-2DHS

device has a larger dark current, compared to the control device. Under coherent

illumination, the current level in both devices increases with applied bias voltages

with an eventual saturation at Vbias = 1.5V for MSM-2DHS and Vbias = 1V for the

control device. Notably, a shoulder appears in the I-V under light for the MSM-

2DHS device at Vbias ∼ 0.75V . An increase in the power of the incident laser light,

also increases the current level in the devices. It changes from 100nA under 3µW
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of laser power to 3µA under 353µW pf the incident illumination. The current level

at the saturation region for the MSM-2DHS device is equal or slightly less than the

current for the control device under similar optical powers. Both devices exhibit very

large light-dark current ratios of greater than 10000, and have a good functionality

as conventional HMSM transport-based photodetectors.
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Figure 4.5: Current-Voltage characteristics under various incident 850nm laser power
for a) MSM-2DHS and b) control devices.

4.2.3 C-V characteristics of MSM-2DHS capacitor in dark

C-V characteristics were obtained using an HP4284 LCRmeter with a 30mV ac

excitation level at room temperature for measuring the parallel capacitance of the

device under test. The dc bias voltage is applied between the two Schottky contacts,

and since the measured current values remain less than 10pA, no significant heating

affects the capacitive performance of the device, considering the rather large surface

area. A bi-state behavior, as that of a switch-capacitor, is observed in the measured

C-V for the MSM-2DHS capacitor under dark, shown in Fig. 4.6(a). This feature

is similar to other reports [27, 35, 77, 166] on MSMs that were based on 2DES;
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consequently it verifies the existence of 2DHS at the GaAs/AlGaAs interface.
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Figure 4.6: a) Capacitance-Voltage of MSM-2DHS in dark and under different optical
powers at 10kHz of probe frequency, b) calculated dark C-V for the same device as
in (a).

An MSM device with similar structure, but lacking the 2DHS, has a geometrical

capacitance of 29.2fF , calculated based on standard conformal mapping techniques

[99]. This is in agreement with 31.4fF of the measured dark capacitance for the

control device. Addition of 2DHS, remarkably, increases that capacitance, close to

two orders of magnitude, to 2.36pF, signifying the critical role of the 2DHS on the

performance of the device. For planar MSMs with embedded 2DCS [35, 166], the

pre-threshold capacitance may be modeled as series connection of capacitances of the

cathode and the anode, connected by the 2D charge layer. If the charge density of the

2DCS is not large, the zero bias capacitance is C0V = C2DCS/2, where C2DCS = εA/d

is the parallel plate capacitance between metal contacts of cathode (and anode) of

area A, and d is the distance between these contacts and the 2D. However, if 2D

layer has sufficient charge density, the gas can rearrange itself to within a Debye
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length in response to applied bias, shielding the electric field, and terminating the

field lines. In this case C0V = C2DCS as we have previously shown [27, 166]. In any

case, application of bias depletes the charge on the (reverse biased) contact on which

voltage drops; i.e., the second (unconventional) plate of charge disappears, and the

device capacitance is determined by the very small (fringe) capacitance between this

contact and the 2DCS. A tuning range, defined as maximum-to-minimum capacitance

ratio, as large as 90 and a voltage sensitivity, (dC/dV ) × (V/C), as high as 79 are

observed, which are comparable with previous reports on performance of MSMs with

2DCS in dark[35, 77]. This single device thus is a switched capacitor without needing

switching elements.

Fig. 4.6(b) shows the calculated dark capacitance of a device with similar struc-

ture as the MSM-2DHS capacitor. It is found by numerical solution of the drift-

difussion and Poisson equations using Synopsys Sentaurus device simulation package.

It matches the measured dark C-V of Fig. 4.6(a), in the pre-threshold capacitance

value and the transition voltage.

4.2.4 C-V characteristics of MSM-2DHS capacitor under coherent illu-

mination

The C-V for MSM-2DHS device, obtained at a 10kHz of probe frequency and

under various optical powers of an 850nm laser exhibits, as indicated in Fig. 4.7(a),

very large CE when its value reaches ∼ 1pF. This light-triggered “Batman” shape, as

highlighted in Fig. 4.6(a), is the distinctive anomalous feature reported in (dark) C-V

[23, 24, 26, 167], and only appears here at high laser intensities and around a certain

threshold voltage, Vcritical, where a transition from a “high” to a “low” state occurs

in the dark C-V. The pre-threshold characteristics of C-V do not change significantly

with variations in the laser power, although a slight increase in threshold voltage-
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moving from 0.4V in dark to 0.6V under 350µW laser light is observed. This is

mainly due to an increase in the population of the 2DHS by light-generated carriers.

The post-threshold behavior, however, exhibits significant differences compared to

the one in dark. Distinctively, a shoulder in C-V appears under low power light,

when the capacitor is biased around Vcritical. With further increase in incident light

intensity, capacitance reaches a peak value of 3.45pF at 1.1V of bias and under

350µW illumination, while the preceding valley capacitance is 0.76pF at 0.75V of

bias. This is a 4.5:1 ratio corresponding to CE of 200%, which is much higher than

previous, if any, reports. Furthermore, based on intended application of the device,

enhancements of 40% is achieved when compared to 0-bias plateau capacitance of

2.1pF . Also with the dark capacitance at 1.2V of bias, being 69.7fF, the light-

to-dark capacitance ratio of over 45 makes the MSM-2DHS an excellent candidate

for capacitance-based photodetectors, pixels similar to charge coupled devices, and

phototransistors. Finally, the enhancement occurs at probe frequency of 10kHz, far

larger than other observations of CE in devices with 2DCS [23, 24, 26, 167], giving

MSM-2DHS practical applications. Furthermore, generation and storage of electron-

hole pairs by light in a semiconductor device with a quantum well are suggested to

function as a photonic memory cell [183]. Such an application may be possible in

this MSM-2DHS photo capacitor with the changes of of capacitance serving as the

required memory states.

As indicated in Fig. 4.7(c), the dark C-V of the control sample does not ex-

hibit a plateau, which is consistent with the lack of 2DHS and its value equals the

the co-planar geometric capacitance. Under illumination, however, the equilibrium

capacitance changes from 43fF at dark to 1.2pF under 350µW of optical power,

indicating the establishment of a 2DHS by optically generated holes. The general

characteristics of C-V for control sample conform into that of the main device, with
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Figure 4.7: Capacitance-Voltage characteristics under various illumination intensities
for a) MSM-2DHS capacitor, and b) “control” device.

increased intensity, and eventually exhibit CE feature at optical powers greater than

250µW and bias voltage of 0.8V. Incidentally, inclusion of the 15 periods of Bragg

reflector with a reflection coefficient of close to unity and a bandwidth of 670nm for

the 850nm laser light, confines the generation of electron-hole pairs inside the GaAs

absorption layer. Additionally, the electric field due to the band bending in the ab-

sorption layer of the main device, as shown in Fig. 4.3(b), assists collection of the

light-generated holes inside the quantum well by drifting them toward the 2DHS.

The light-generated electrons, however, are moved by the electric field deeper into

the device, and do not contribute to capacitance. Saturation of the pre-threshold

capacitance at higher optical powers for both samples implies formation of a dense

sheet of 2DHS serving as an unconventional contact.

Fig. 4.8 shows C-V at various probe frequencies ranging from 10kHz to 200kHz

under a 350µW of incident 850nm illumination. The pre-threshold decrease in capac-

itance with an increase in frequency has previously been observed and attributed to

fast capture and slow re-emission of charge carriers at GaAs/AlGaAs interface [118].

Furthermore, the CE feature is present in frequencies as high as 100kHz, however, the
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Figure 4.8: Capacitance-Voltage of MSM-2DHS capacitor under various probe fre-
quencies.

amount of enhancement decreases with an increase in the probe frequency. This gives

the MSM-2DHS more practical applications compared to other devices with 2DCS

[26], in which the range of frequency for observations of CE is limited to under 10Hz.

The underlying physical explanation for the frequency dependence of CE, however,

is deferred to further investigations.

4.2.5 Light-triggered metal-insulator transition in the MSM-2DHS ca-

pacitor

In an UC, where one or both contacts are replaced with a 2DCS, the control over

the particle density, p, of the 2D system alters the ground state energy, µ, of the
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unconventional contact, as described in Chap. 3:

µ =
1

rs2
− 1.2

rs
− 0.38− 0.17rs ln (rs), (4.1)

where rs =
√

1
pa02

is the normalized inter-particle distance in 2DHS and a0 is the

Bohr radius in the surrounding material. In Eq. 4.1, the first positive term is due to

Ukin and the remaining negative terms represent Uex−corr. Since rs inside the 2DCS

for p > pcritical is comparable with the wavelength of individual particles, the wave

functions overlap and the 2D system is in an interacting “metal” phase, while for a

non-interacting “insulator” phase, p is less than pcritical and the overlap disappears, in

which exchange forces become insignificant. Consequently, at densities around pcritical,

an infinitesimal decrement of density, dp, causes the overall energy of the system to

increase by dµ due to the removal of negatively contributing Uex−corr. This energy

is stored in the electric field among the contacts and an enhancement in capacitance

is observed [23, 24]. This “metal-insulator” transition around pcritical is attributed to

negative compressibility, dµ/dp, of a 2DES [25, 149, 168] and a 2DHS [25, 168], as

detailed in Chap. 3.

For a 2DHS in GaAs, the critical transition density [25] is pcritical = 5.5×1010cm−2.

The charge control model [30] applied to the dark C-V, yields p2DHS = 5.1×1010cm−2

for the dark 2D hole concentration for MSM-2DHS, which is less than the pcritical.

This shows that under dark the 2DHS is a non-interacting system hence no CE is ob-

served. The solution to Poisson Equation was obtained using Synopsys SentaurusTM

device simulation package and calculated 2DHS density inside the device is reported

in Fig. 4.9 for 0 − 1.5V bias range. Device capacitance is defined by the anode

and the 2DHS underneath, when no bias is applied [27, 35, 77, 166]. Depletion of

holes under anode, with an applied 1.5 V of the bias, as Fig. 4.9 shows, reduces the

total capacitance to the small fringe capacitance between the anode and the pre-
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served 2DHS between the contacts, hence a transitions from a pre-threshold plateau

to a post-threshold minimal capacitance is observed. Addition of optically generated

holes raises 2DHS density to larger than pcritical and the 2DHS becomes interacting,

showing CE. Consequently the ground state energy of the 2DHS decreases due to sig-

nificant exchange and correlation forces among particles [23]. Thus manipulation of

the light-enhanced 2DHS density with bias voltage can account for the observed en-

hancement in C-V. Noticeably, comparison between the under-light C-V for the main

and control samples reveals that, under the conditions of existence of a high-density

2DHS occurring at optical powers larger than 280µW , both samples exhibit clear CE

feature when the capacitance value reaches 1pF, which essentially corresponds to the

same 2DHS critical density for a “metal-insulator” transition to be observed. Similar

behavior has previously been observed for MSMs with 2DES [166] (Chap. 2) in which

the dark electron density was above the critical value and CE was observed in dark

as well as under illumination.
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5. Conclusion and Future Research

5.1 Contributions of this dissertation

In this dissertation, significant electronic properties of two-dimensional fermion

systems (2DFS) were presented, in both verification of theories of quantum mechan-

ics and in engineering applications in electronics, photonics and optoelectronics. A

class of unconventional devices was designed, fabricated, characterized, and analyzed.

The main design feature of these unconventional devices is embedding of a 2DFS in

the planar structure of an otherwise conventional metal-semiconductor-metal pho-

todetectors. The capacitive performance of these unconventional MSM-2DFS devices

were characterized by performing admittance spectroscopy measurements under vari-

ous experimental conditions. Specifically, the C-V characteristics of these MSM-2DFS

devices, exhibit large dependencies on applied bias voltage and/or the intensity of the

incident illumination. Major features of this class of MSM-2DFS devices include:

1. A large pre-threshold “high” capacitance that is twice larger than previous

reports [35, 81, 112]: This is due to the localized depletion of the 2DFS density

by the applied bias, as discussed in Chap. 2. Semi-classical calculations of the

MSM-2DES device indicates that the 2DFS depletion is only limited to the

carriers underneath the reverse-bias contact, while it is preserved elsewhere in

the device.

2. A minimal post-threshold “low” capacitance values: The MSM-2DFS capaci-

tor can reach values that are less than the minimum conceivable geometrical

capacitance of similar structures without embedded 2DFS. This feature can be

applied to reduce transmission line cross-talk and clock skewing in integrated

circuits.
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3. Application as a voltage controlled capacitor: With the very large pre-threshold

and the minimal post-threshold capacitance values, the MSM-2DFS reaches

tuning range (TR) as high as 5000. This is the largest reported value, to the

best of our knowledge. The TR is furthered increased by including the effects

of the anomalous capacitance enhancement on the C-V.

4. A sharp transition between the two states of “high” and “low:” There exists a

bi-state behavior in the C-V with voltage sensitivities as large as 400 at around

the threshold voltage. Hence this single device can be applied as a switched

capacitor without the need for additional switching elements.

5. An anomalous “Batman” shape capacitance enhancement (CE): At around the

high-to-low transition, an enhancement in capacitance appears in C-V that

can not be predicted by semi-classical models [30, 31]. This value surpasses

the geometrical capacitance of contact-to-2DFS underneath. This anomalous

feature is explained based on the negative compressibility of the 2DFS at certain

critical density. Application of quantum theories of many-body physics indicate

that the manipulation, release, and storage of the exchange and correlation

energies of the 2DFS contact in the unconventional capacitor is the underlying

reason for the “Batman” shape CE.

6. A giant CE in the capacitance under light: A CE feature appears in C-V when

an adequately intense illumination is incident on the MSM-2DFS device. In the

MSM-2DHS capacitor, such a feature is absent at dark. By introduction of light

on the device electron-hole pairs are generated and the holes are collected at the

2DHS. This increases the hole density of the unconventional contact to above

the critical value, at which the exchange-correlation energies become significant.

They are then released and stored in the dielectric, which causes the giant CE
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to appear in the C-V.

7. The light-to-dark capacitance ratio of over 40 at the peak of the giant CE:

This indicates that the MSM-2DFS can be designed and utilized as a sensitive

capacitance based photodetector. This method will not suffer from the tra-

ditional limitations of transport-based photodetectors, such as mediocre noise

performance due to high dark currents.

Fig. 5.1 summarizes the contributions of this dissertation with an emphasis on the

MSM-2DFS capacitor.
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5.2 Outline of the future work

Based on the findings of this research, multiple paths may be taken to apply

the theoretical framework of many-body physics to new engineering applications.

These include making hybrid devices that include both the electron and hole systems.

Specifically, it will be interesting to probe the mutual interactions of 2D planes on the

overall device performance. Depending on the distance of placements of the 2DES

and the 2DHS in a device, the strength and wave-function overlap of fermions could

drastically change the Hamiltonian, and result into interesting features. This line

of research faces challenges on discovery of the underlying physics, and it will be

discussed in Sec. 5.3.

Another route for continuation of this research is on extending the theory of many-

fermion systems to practical devices and functional materials that include a one-

dimensional electron system (1DES). Carbon nanotubes and core-shell nanowires [7]

are well-known instances of such systems. Theoretical studies on electron correlations

in a 1DES dates back to 50 years ago, following the work of Luttinger [169]. Exper-

imental observations and practical applications for many-body features of a 1DES,

however, has remained scarce. The challenge is mainly on limitations in experimental

procedures to isolate, extract and ascertain signatures of electron correlation in the

overall device performance. This issue will further be discussed in Sec. 5.4.

5.3 A hybrid unconventional capacitor with bilayers of 2D electron and

hole systems

The MSM-2DES and MSM-2DHS capacitors, that were described in Chaps. 2 and

3, function based on localized density control over the 2D charge layer. This was either

with applying a bias voltage or through deposition of light-generated carriers. In this

section, a new unconventional MSM device is introduced which includes bilayers of



142

two-dimensional electron (2DE) and two-dimensional hole (2DH) systems.

5.3.1 Layer structure for MSM-2DEHS capacitor with symmetric contact

geometry

Fig. 5.2 indicates the layer structure (LS) for two variations of the MSM-2DEHS

capacitors. The devices are comprised of a 200nm of GaAs buffer layer, followed by

a 60nm of Al0.3Ga0.7As and 8nm ofInGaAs, which forms a quantum well for holes.

A C-doped p-type delta doping layer, with a concentration of 2.5 × 1012cm−2, is

placed 5nm below the AlGaAs/InGaAs interface. A 110nm thick GaAs absorption

region is then grown, followed by a 60nm barrier enhancer layer of Al0.3Ga0.7As. A

6× 1012cm−2 Si-doped n-type delta doping (DD) layer provides the electrons for the

2DES in the triangular quantum well at the GaAs/AlGaAs interface. This DD is

located 5nm above the hetero-interface. The main distinction of the two LSs is in

the placement of a Bragg reflector (BR) on top of the GaAs buffer layer. The BR is

comprised of 15 periods of 62nm of AlAs and 73nm of Al0.3Ga0.7As, and is utilized

to maximize the 830nm light absorption in the GaAs absorption region. Schottky

metal contacts were defined on the top AlGaAs barrier layer by using standard optical

lithography processing. The contact patterns and spacings are the same as that of

TLM structure of Fig. 2.1.

5.3.2 Capacitance-voltage characteristics for symmetric MSM-2DEHS ca-

pacitor

The capacitance vs. voltage characteristics of the MSM-2DEHS devices exhibit

numerous features, including a multiple plateau behavior, and giant local enhance-

ment peaks at or around the transitions between plateaus. Interestingly, the multi-

plateau behavior in the C-V only appears under coherent illumination, while the
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Figure 5.2: a) Non-Bragged, b) Bragged MSM-2DEHS capacitor layer structures,
and c) Energy band diagram and carrier concentration in a direction normal to the
interfaces.

peaks are present in the dark C-V and are further pronounced under light. Fig. 5.3(a)

shows the capacitance of the symmetric MSM-2DEHS capacitor with Bragg reflec-

tor (Fig. 5.2(b)) in dark (left) and under white microscope light (right). Both cases

exhibit large dependencies in the applied probe frequency of the LCRmeter. The gen-

eral behavior of the C-V follows that of the MSM-2DES capacitor. The CE feature,

however, becomes as large as 300%. Presence of white incoherent light, however, does

not alter the capacitance significantly. Comparison of the quality factor for the same
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device in dark and under light (Fig. 5.3(b)) shows an increase in Q when the light

is incident. Hence, introduction of light enhances the capacitive performance of the

device. Further insight into the C-V performance of the MSM-2DEH device can be

reached by inspecting the capacitance mapping of the device.
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Figure 5.3: a) Capacitance and b) Quality factor vs. voltage for various probe fre-
quencies, in dark and under light for the symmetric MSM-2DEHS capacitor.

Figs. 5.4 shows the capacitance of the same MSM-2DEHS capacitor with local

coherent illumination. A laser light at 780nm and the spot size of 1µm is present

on the device. The location of the laser spot is varied across the device from the

cathode (C lines), to the Cathode Edge (L lines), the gap (G lines), the anode edge

(R lines) and the Anode (A lines). At each location the C-V characteristics are

measured, and indicated in Fig. 5.4. The C-V exhibits drastic changes under laser
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light, when compared to dark. Mainly, the equilibrium capacitance value becomes

twice larger under light. The multiple plateau behavior appears in the C-V and giant

capacitance enhancement is observed at a threshold bias voltage of 1.8V , between

the plateaus. Interestingly, the capacitance value shows negligible variation on light

location, when the spot is situated in the gap region. For other locations, however,

the plateaus coincide on comparable values regardless of the location, while the CE

features change significantly by laser position.
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Fig. 5.5 demonstrates the CE peak variations (measured at Vbias = ±1.8V,) on

the location of laser spot across the device. On the regions far from both of the

contacts, no light reaches the device, hence no electron-hole pair is generated and the

capacitance is equal to the dark values. As the light moves toward the edges, the

capacitance increases until it reaches its maximum when the laser spot is exactly on

or in the vicinity of the edges. As the spot moves further into the gap and away from

the edges, the capacitance value drops and remains rather constant.
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Figure 5.5: Changes in the peak capacitance of the CE feature with respect to the
location of the laser spot. The capacitance is measured at Vbias = ±1.8V for the
symmetric MSM-2DEHS capacitor with 7µm of gap separation. [Data courtesy of
Anna Persano]

The arias of the plateaus may be attributed to the localized depletion of 2DE and

2DH systems underneath cathode and anode, respectively. Additionally, by applying

the theories of Chap. 3 to the MSM-2DEHS capacitor, the 2DE and 2DH systems
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are to be preserved in the “gap” and underneath anode and cathode, respectively.

This means that these localized depletion mechanisms are both simultaneous but in

spatially separated regions underneath anode and cathode. Conversely, the 2DES

layer has to shield the electric field from penetrating deeper into the device, hence

classically, the 2DH layer could not “feel” the electric field. Such a complication

can be explained based on the finite density of state of quantum 2D charge systems

[22]. This description requires further verifications and is deferred to future investiga-

tions. Furthermore, any possible capacitive mechanism that arises from electrostatic

coupling among the 2DE and 2DH layers is not account for.

5.3.3 A hybrid MSM-2DEHS capacitor with an asymmetric contact ge-

ometry

MSM-2DEHS devices with the same layer structure as Fig. 5.2 but with an asym-

metric contact geometry have been applied for high-speed photodetection [107]. In

this application, an interdigitated contact geometry similar to Fig. 4.3(c) was used.

Fig. 5.6 shows the pattern for one period of the finger arrangement. One set of

fingers is placed on the AlGaAs layer, while another set is deposited in an etched

region to make direct contact to the 2DHS layer. The fingers are fabricated on a

25 × 25µm2 mesa-isolated active region with their spacing and separation to be 2,

and 8µm, respectively.

The calculated electric field lines for the asymmetric MSM-2DEHS device are

shown in Fig. 5.7 for various reverse and forward bias voltages, as well as in equilib-

rium. A vertically aligned electric field exists in the GaAs absorption region. This

field assists the drift of the light generated electrons and holes toward the 2DE and

2DH channels, respectively. This causes a local disturbance in the charge density of

the 2D charge reservoirs, which is transferred to the contacts through a charge density
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Figure 5.6: Layer structure for the asymmetric MSM-2DEH capacitor.

wave. This circumvents the individual charge transport for eventual collection at the

contacts for an event of detection [107], hence it is much faster than conventional

MSM photodetectors, as discussed in 1.5. A time-response of 10s of picosecond is

reported for this asymmetric MSM-2DEHS photodetector [107], while conventional

MSMs with similar size have response time in nanoseconds. Furthermore, the field

lines in Fig. 5.7 indicate a large electric field at the edges and underneath the con-

tacts, while the rest of the regions maintain the same field strength. This case is

valid for both negative and positive biases, suggesting the possibility of a dielectric

break-down at smaller bias voltages. Consequently, this photodetector will not be

sensitive enough at larger bias voltages, since the break-down current would mask

any current due to photo generation.
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5.3.4 Influence of the Bragg reflector on device performance

The inclusion of the Bragg reflector has major influence on the quantum efficiency

of the MSM-2DEHS photodetector, mainly on quantum efficiency and wavelength

selectivity. Fig. 5.8 shows the photocurrent spectrum for asymmetric interdigitate

structures with gap and finger width of 2µm, fabricated on layer structures with

and without the Bragg reflector. The photocurrents are measured under various bias

voltages in a 0 − 15V range. For both samples, a peak in current exists at 830nm

of incident illumination. This corresponds to band gap of GaAs, which serves as the

absorption region. While for the non-bragged sample the current levels remain less

than 3nA, the bragged device exhibit current levels as high as 30nA. This indicates

that a larger number of light generated carriers for the Bragged device, due to the

existence of the reflector. Another major difference between the two samples is on

the general behavior of the photocurrent spectrum. The bragged sample indicate

less selectivity with respect to wavelength. At the 600 − 830nm wavelength range,

this sample has an insignificant variation in current level, while for the non-bragged

device, current can span close to two orders of magnitude.

5.4 One dimensional correlated electron systems: Luttinger liquid

Many electron systems in three and two dimensions are adequately treated through

perturbation methods, as was discussed in Chap. 3. These many electron system are

often called a Fermi liquid. There has been efforts in applying the properties of a

Fermi liquid to a 1D electron system (1DES), mainly in the capacitive properties of

such structures [8, 170]. It is shown that similar to a the case of the 2DES (Chap. 3),

at a critical electron density of a 1DES, a singularity may appear in the quantum

capacitance with very large negative values [170]. Furthermore, in a 1DES the corre-

lations among electrons are much more significant, compared to bulk and 2D systems,
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Figure 5.8: Photocurrent spectrum for a) Bragged and b) non-Bragged interdigitated
MSM-2DEHS capacitor with finger and gap widths of 2µm. [Data courtesy of Adriano
Cola]

due to higher degrees of confinement. The electrons can either be moving to the left

or right and any small or localized interaction can cause a collective response from

the whole system. This is the condition of broken symmetry, in which the overall

status of the system has to be reformulated [141]. For a 2DES, a broken symmetry

occurs at very low densities of fermions, in which formation of a Wigner lattice is

expected, that is due to the Coulombic interactions of electrons. Interestingly for a

1DES, the direction of movement for fermions is restricted to the left or right. Con-

sequently, the particle density of the system becomes irrelevant with respect to the

determination of the status of the system. Such a 1D many electron system is often

called a Luttinger liquid, as he was the first person who successfully formulated these

systems [169]. This behavior was observed in carbon nanotubes as a 1DES [171].

One-dimensional many electron systems can be a host of various peculiarities, among

which are the spin-charge separation and ‘bosonization’ of fermions [172]. The expla-

nation of these properties require development of the Luttinger liquid theory for the

system of interest [141].

Among various material systems that incur a 1DES are carbon nanotubes [173],
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electrons at the edges of a 2DES [174, 175], and epitaxial nanowires [176, 177]. Among

these the latter can have more immediate applications as it is more compatible and

can be integrated with current semiconductor technologies.

5.4.1 Core-Shell Nanowires

A core-shell nanowire (CSNW) is a quasi-one dimensional structure with a wide

band gap material, such as AlGaAs, wrapping around a low band gap semiconductor,

such as GaAs. Importantly, the reduced dimensionality can potentially save valuable

space on the substrates. Furthermore, the vertical growth of the compound nanowires

on Si substrates [178] has given these structures promising applications in integrated

photonics and three-dimensional integrated circuits.

In CSNWs, a radial heterojunction can be formed and modulation doping may be

introduced at any of the materials by using epitaxial growth methods [176]. In such

structures, electrons and holes can be confined at the interface between the core and

the shell, and depending on the geometry of the interface, it is possible to attain quasi

1- and 2-dimensional particle systems. Specifically, for the growth of GaAs/AlGaAs

core-shell nanowires, a metalorganic chemical vapor deposition (MOCVD) with Au

nanoparticles as catalyst is selected [177]. Application of such a method results in

a hexagonal radial cross-section for the CSNWs. Fig. 5.9 shows the as-grown Core-

Shell nanowires under different magnifications and view angles. The hexagonal cross-

section can be seen in the top-view image of a single nanowire at highest magnification.

Fig. 5.10(a) shows a sketch of a GaAs/AlGaAs CSNW with an emphasis on the

electron density at the hetero-interface. The calculated carrier density at the hexag-

onal cross-section, as shown in Fig. 5.10(b), indicates formation of two distinct class

of many-electron systems at the interface. Specifically, six pillars of 1-dimensional
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Figure 5.9: SEM image of as-grown GaAs/AlGaAs core-shell nanowires taken at
different magnifications and view angles.

electron system are identified at the edges of the hexagonal interface, while six facets

of 2DES with lower density exist at the faces. Consequently, this CSNW is a‘super-

host’ for quantum many-electron systems with expectation of various exotic quantum

features.

It is expected that the lower dimensionality in CSNW to have a significant in-

fluence on both optical and electrical properties of the structure. For instance, it

is shown that a CSNW with a certain volume has a giant light absorption coeffi-

cient, which is much higher than the 2D thin film counterpart with similar volume

[179]. Furthermore, CSNWs can function as a semiconductor laser without the need
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(a)

(b)

Figure 5.10: Photo Courtesy of Zhihuan Wang. A metal-semiconductor-metal core-
shell nanowire. b) Electron density inside the core-shell nanowire.

for sophisticated mirror structures as in vertical cavity surface emitting lasers [179].

These remarkable features may be explained based on increased wave function over-

lap, increased exception oscillator strength, and strong dimensional dependency joint

optical density if states [180]. Furthermore, both absorption and emission transition

rates are strong functions of dimensionality.

Electrically it is important account for the electron correlations in order to deter-

mine the behavior of the structure. The significant values for exchange and correlation

energies in 1DES, makes them an interesting candidate for probing the energy dy-

namics. The unique optical properties of CSNWs and their many-body properties

makes these 1-dimensional structures an interesting candidate for further investiga-

tions. This, however, imposes various experimental challenges and theoretical con-

siderations and are deferred to future investigations.
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Appendix A. Current-Voltage characteristics for “Unconventional”
MSMs

Here the Current-Voltage (I-V) characteristics for the MSM-2DES capacitor are
presented. The device layer structure is as indicated in Fig. 2.1 and described in
Chap. 2. Specifically, the I-V characteristics are compared when geometrical aspects
of the metal contact pads, such as size, shape, and separation distance, are varied.

A.1 Effect of variations in contact separation
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Figure A.1: Current-Voltage characteristics for various contact separations on MSM-
2DES device.
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A.2 Effect of variations in contact size
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Figure A.2: Current-Voltage characteristics comparing different contact pad areas on
MSM-2DES device.

A.3 Effect of variations in contact shape
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tries of contact pads on MSM-2DES device.
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Appendix B. Effect of contact pad geometrical properties on C-V
characteristics

Here the results of C-V measurements for the MSM-2DES device with various
contact pad geometries are presented. The device layer structure is as indicated in
Fig. 2.1(a) and described in Chap. 2.

B.1 Effect of asymmetry in contact pads on the C-V of MSM-2DES ca-
pacitor

Fig. B.1 indicates the C-V characteristics for MSM-2DES capacitors with asym-
metric contact geometries, (shape 1 and 2 in Fig. 2.1(c)). The C-V of the TLM
(symmetric) MSM-2DES capacitors are also included for comparison.
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(shape 2) in comparison with TLM (symmetric) MSMs, measured at various probe
frequencies.
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B.2 An MSM-2DES capacitor with interdigitated geometry for contact
pads

Fig. B.2 indicates the layout for various interdigitated structures that were fabri-
cated on top of the layer structure for the MSM-2DES capacitor.
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Figure B.2: Interdigitated layout for the fabricated devices.
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Figs. B.3 and B.4 show the C-V and Q-V characteristics for the MSM-2DES
capacitors with interdigitated structures as described in the layout of Fig. B.2
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Figure B.3: Capacitance (left) and quality factor (right) characteristics for interdigi-
tated structure at various probe frequencies.
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Appendix C. “Unconventional” MSMs under extreme conditions

Here the C-V and I-V characteristics of unconventional MSM devices are presented
for measurements at T = 4.27K and/or with magnetic field B = 1T .

C.1 Cryogenic temperatures

C.1.1 I-V characteristics

Fig. C.1 shows the current-voltage characteristics for MSM-2DES capacitors at
various temperatures and magnetic field conditions.
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Figure C.1: I-V characteristics for MSM-2DES capacitor under various measurement
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C.1.2 C-V characteristics

Figs. C.2, C.3, and C.4 show the capacitance-voltage characteristics for MSM-
2DES, symmetric, and asymmetric MSM-2DEHS capacitors, respectively, that are
measured at T = 4.27K.
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C.2 Magnetic field

C.2.1 C-V characteristics

Fig. C.5 shows the C-V characteristics for MSM-2DES capacitors in the presence
of a magnetic field.
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