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ABSTRACT

Developments in theory and experiment have raised the prospect of an electronic
technology based on the discrete nature of electron tunnelling through a potential
barrier. This thesis deals with novel design and analysis tools developed to study such
systems.

Possible devices include those constructed from ultrasmall normal tunnelling
junctions. These exhibit charging effects including the Coulomb blockade and corre-
lated electron tunnelling. They allow transistor-like control of the transfer of single
carriers, and present the prospect of digital systems operating at the information theo-
retic limit. As such, they are often referred to as single electronic devices.

Single electronic devices exhibit self quantising logic and good structural toler-
ance. Their speed, immunity to thermal noise, and operating voltage all scale benefi-
cially with junction capacitance. For ultrasmall junctions the possibility of room tem-
perature operation at sub picosecond timescales seems feasible. However, they are
sensitive to external charge; whether from trapping-detrapping events, externally
gated potentials, or system cross-talk. Quantum effects such as charge macroscopic
quantum tunnelling may degrade performance. Finally, any practical system will be
complex and spatially extended (amplifying the above problems), and prone to fabri-
cation imperfection. This summarises why new design and analysis tools are required.

Simulation tools are developed, concentrating on the basic building blocks of sin-
gle electronic systems; the tunnelling junction array and gated turnstile device. Three
main points are considered: the best method of estimating capacitance values from
physical system geometry; the mathematical model which should represent electron
tunnelling based on this data; application of this model to the investigation of single
electronic systems.

At present, most capacitance estimates ignore fringing fields and systematically
underestimate capacitance values. Formulae based on bispherical co-ordinates are
developed, which provide better estimates without the computational expense of finite
element calculations. These prove especially appropriate for the new generation of
granular metal-insulator-metal systems. Calculations show that these systems will be
required for reliable device operation above 77K.

A number of descriptions of electron tunnelling in ultrasmall junctions are re-
viewed. A semi-classical approach is chosen, which treats the system as a capacitive
equivalent circuit under the action of discrete tunnelling events. This allows simple
investigation of complex systems using Monte Carlo techniques, while accounting for



thermal fluctuations - the most important source of noise in present devices. A heuris-
tic Lengevin equation model and more detailed phase correlation model are described.
These include further physics of the tunnelling process, but require increased compu-
tational effort.

Two core modelling tools are designed to investigate single electronic systems.
The General Network Solver is a suite of Monte Carlo modelling routines which can
be applied to any system equivalent circuit. A linear programming technique is also

developed. This efficiently calculates areas of legal operation in control parameter
space for any system.

It is found that: array threshold voltage at zero offset bias is a good figure of merit
in tunnelling junction arrays. For steady charge flow, these systems show remarkable
resilience to component variation. Stability is optimised when array capacitance to
ground is small in relation to junction capacitance. Similarly, coupling strays less than
junction and grounding capacitance have little effect on device performance. How-
ever, from these detailed stability studies, it is found that transmission of more realis-
tic bitstream patterns results in information loss - for array electrons tend to stable,
equidistant configurations.

The frequency response of single and three phase gated turnstiles is investigated.
Under realistic operating conditions the three phase turnstile has no advantage. Its
extra complexity reduces unacceptably its operating area in control parameter space.
The operation of coupled turnstiles is perturbed both by coupling capacitance directly,
and by cross-talk from non-static charge. Both effects reduce the operating areas in
control parameter space. These effects are intrinsically complex in nature; however

some practical insight is gained by using our tools. Bit error rates in coupled turnstiles
are also investigated.
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CHAPTER 1 INTRODUCTION

Since the invention of the transistor in 1947 and its subsequent service in integrated
circuits, the history of digital electronics has been a relentless quest for device minia-
turisation. Three facts drive this search. Firstly, miniaturisation reduces the volumes
across which electric fields act, allowing lower power dissipation. Secondly, lower
capacitance and shorter interconnects lead to faster systems. Finally, miniaturisation

(in tandem with increased chip size) allows more devices on a chip and thus reduces
relative costs [1].

It is obvious that the feature size of modern devices cannot be reduced without limit.
Eventually it will rival the electron wavelength. In this regime many classical con-
cepts become invalid. A more detailed quantum mechanical approach is needed to
fully understand electron transport, and develop the new concepts necessary to de-
scribe device operation.

There is also the opportunity to exploit quantum mechanics and develop novel de-
vices. Apart from any intrinsic benefits gained from quantum mechanical operation,

such devices will retain the power, speed, and cost benefits which miniaturisation
brings.

In recent years, new developments in both theory and experiment [2] have allowed
the serious consideration of an electronics technology based on one basic quantum
mechanical phenomena - the discrete nature of electron tunnelling through a potential
barrier. Such granular electronic devices include those constructed from ultrasmall
normal tunnelling junctions. They exhibit charging effects including the Coulomb
blockade and correlated electron tunnelling. These devices allow operation at the
limit of one transferred carrier per bit, the information theoretic limit. As such, they

are often referred to as single electronic devices.

1.1 Properties of Single Electronic Systems

Two properties of tunnelling junction systems are vital to the operation of single
electronic devices. Firstly, ultrasmall junctions allow ultrasmall junction capacitance.

The electrostatic charging energy of a single tunnelling event across such a junction
1s,



e2
E. = A0 (1.1)
Junctions with capacitance as low as C = 10-18 F have been reported [3], which give
E. =80 meV. If C can be made small enough, the energy associated with tunnelling
may be far greater than the average energy of thermal or quantum fluctuations. For

thermal fluctuations the condition on temperature T is,

2
kpT<<E, = T << 71%6 = T, T, is critical temperature  (1.2)

For quantum fluctuations in a junction of tunnelling resistance R;, the condition is,

RhT <E, = R;> i—? = % = Rg Rq is guantum resistance (1.3)
Under these conditions, charging effects are no longer masked by quantum noise and
normal quasi-continuous current flow no longer occurs. Unless the external applied
potential V makes tunnelling energetically advantageous, charge is not transferred.
There is a Coulomb blockade of current at V <e/2C. The importance of this phen-
omenon in device terms is obvious. There is direct control of a microscopic process
via an easily measurable and controllable macroscopic parameter, independent of the

precise nature of the tunnelling barrier.

The second property of junction systems results R},Cy R,.C,
from the discrete nature of charge on an electrode Nk "CISQ Nk
itself. For instance, in a double junction system T AR T 1 AN 1
such as that of figure 1.1 the central electrode is Vi A/}
detached from a source of continuous charge. It has Fig 1.1 Equivalent circuit of a
relative charge ne+6Q. 8Q is an initial fractional gg‘g: tj;:{'glt::t‘rgﬁztz“'ngfgge

charge dependant on junction Fermi levels, and

external potentials gated to the electrode by strays. ne is an integral charge due to
tunnelling events. In such a system, tunnelling events in the two junctions are no
longer independent, but are correlated by the need for ne to remain integral. The
correlation can be tuned by external gating of the fractional charge 6Q.

Correlated tunnelling has been observed in a number of systems, most strikingly in
ultrasmall metal-oxide-semiconductor field-effect transistors (MOSFETSs) [4]. In such
transistors, conduction occurs through a narrow source-drain channel of two-dimen-
sional electron gas. When the channel is narrow enough (typically 20nm) fluctuations
in semiconductor doping potential can form potential barriers, cutting the channel into
electron pools separated by tunnelling junctions. As MOSFET gate potential is varied



(changing 0Q values) electron correlation is exhibited as periodic fluctuations in

source-drain conductance. The MOSFET is acting as a single-electron transistor.

Although there are other examples of potentially useful single electron switching
processes - for example electron waveguide interferometer switches [5] - such phe-
nomena are limited by coherence problems. They have little integrability, and are
critically dependant on accurate fabrication [6]. On the contrary - because of the
Coulomb blockade and correlated tunnelling effects - single electronic devices have
the benefits of good structural tolerance and self quantising logic.

The speed of single electronic systems is limited by circuit relaxation. This requires
switching timescales greater than T, = RC, the nominal time between tunnelling
events through a junction. (Note that 1. is the characteristic time of junction relax-
ation, not the duration of the actual tunnelling event itself [7].) The operating voltage
of such a system is proportional to junction threshold voltage V.

Thus immunity to thermal noise, speed and nominal operating voltage all scale
beneficially with junction capacitance. For ultrasmall junctions the possibility of room
temperature operation at sub picosecond timescales seems feasible [8]. Practical
devices have been reported, operating at liquid Helium temperatures at gigahertz
frequencies [9, 10].
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nelling resistance. The critical frequency f, = 1/t..
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1.2 The Need for Novel Analysis Tools

Single electronic devices do, however, pose novel modelling and analysis problems.
By their very nature, they can only be fully described quantum mechanically, or by
quantum mechanically based semi-classical models. Because of their reliance on cor-
related electron tunnelling, they are extremely sensitive to external charge [11]. Such
charge may be the result of material trapping-detrapping events, external potentials
gated via strays, or cross-talk from other parts of a single electronic system. Other
possible effects that must be considered include charge macroscopic quantum tun-
nelling and electron cotunnelling. These processes are the result of thermal or quan-
tum fluctuations acting upon a system of junctions, allowing simultaneous multiple
tunnelling events. They are discussed in detail in Chapter 4. In practical systems the
effect of fabrication variation in junction parameters on system performance must
also be considered.

To act as an integrable digital technology, single electronics must perform well in
spacially extended systems of many junctions. When the Coulomb blockade was first
observed, it was found impossible to produce the necessary high impedance measure-
ment conditions for a single junction. Instead, tunnelling junction arrays were
required to decouple the junction of interest from its environment (see for instance
[11]). It can also be shown that sets of junction arrays are required to buffer against
some of the cotunnelling effects mentioned above [12, 13]. Thus even simple logic
functions will require the operation of extended systems.

Figure 2.6 shows an electron micrograph of one simple system under fabrication at

Glasgow. It, and all other extended systems, will by nature be complex to model.

Because of all these reasons, new tools are required for design and analysis of single
electronic systems. Chapter 2 reviews the background of single electronics technol-
ogy and follows in detail the argument for the development of such tools.

1.3 Breakdown of Work to be Accomplished

The aim, therefore, is to develop practical aids for the analysis of single electronic
systems. This aim can be separated into three subgoals; requiring answers to three
sets of questions. Firstly, what data must be extracted from the physical devices
themselves? It will be seen that accurate estimation of tunnelling junction and elec-
trode grounding capacitance is paramount in predicting device operation. How can
such estimates be achieved? Secondly, what mathematical model should be chosen to
represent the tunnelling process? Finally, and most importantly, how can the model

be best applied to the investigation of single electronic systems? In order to develop
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general analysis tools, the basic building blocks of any system should first be consid-
ered. Characterising these will hone skills and evolve tools which can then be applied
to more complex systems. What are the basic building blocks of single electronics?

How is their characterisation to be carried out?

Capacitance Estimates :

At present, the only proven fabrication approach appropriate for integrated systems is
the metal-insulator-metal technique pioneered by Fulton & Dolan [14]. Almost with-
out exception, geometrical capacitance calculations for these systems are based on the
parallel plate approximation. This ignores edge effects which dominate in small junc-
tions. Therefore the parallel plate approximation gives systematically lower values of
device T, than are possible in practice. Finite element analysis will give more
accurate results, but at the cost of calculation time and complexity.

We develop analytic capacitance results based on the two spheres approximation.
This geometrical idealisation contains more of the intrinsic physics of the problem,
while remaining simple to calculate. It should prove especially useful for the granular
metal-insulator-metal fabrication approaches under development. Chapter 3 com-

prises a full discussion of capacitance estimates.

Choice of Mathematical Model :

Any mathematical model of a physical system must strike a balance between simplic-
ity and the inclusion of physics relevant to the system. The model must be simple
enough to produce results in a reasonable timescale. It must include the physics nec-
essary to make those results useful. One basic description of a system of tunnelling
junctions is its capacitive equivalent circuit. The action of this circuit under the
influence of discrete tunnelling events can be considered - with tunnelling rates
modelled as a function of system parameters. This description exhibits all the non-
trivial nature of real life systems while remaining simple to investigate using Monte
Carlo techniques. Its accuracy (and speed) are dependant on the physics included in
the tunnelling rate calculations.

Chapter 4 considers a number of mathematical models of junction tunnelling rates,
based on the quantum nature of electron tunnelling. The physical effects considered
include; thermal and charge fluctuations, the general electromagnetic environment of
each junction, and other systems effects such as charge macroscopic quantum tun-
nelling. The conditions under which each model holds valid are also investigated.



Development of Analysis Tools :

As noted above, the development of analysis tools for single electronic systems is
inextricably linked to the choice of basic system building blocks. Two of the most
primitive building blocks are the tunnelling junction array and gated turnstile.

A tunnelling junction array is the simplest single electron device to model, and to
construct physically. It can be represented as a line of junctions along which charge
moves. The line is capacitively linked to a common ground, and this coupling allows
soliton states to form in the system [12]. The importance of these soliton states for
this work is that they allow some analytic description of the system. Thus modelling
tools in development can be compared with simple analytic results.

The gated turnstile is a device proposed by Esteve, and constructed by Geerligs et al.
[9]. It clocks electrons across a short junction array by way of an oscillating control
voltage on the array’s central electrode. It is the first device to show detailed control

of single electrons, and the precursor of switching devices and shift registers.

For each device, we wish to develop tools which will give quantitative results for;

» device operating parameters, and component values which optimise operation.
* device stability with respect to component deviation, external charge and quantum
fluctuations.

» the effect of interdevice coupling or cross-talk.

The starting point for development of such system tools is a Monte Carlo modelling
routine based on the work of Bakhavlov et al. [12]. As junction arrays and turnstiles
are investigated with this routine it is modified and extended to form a far more useful
set of modelling tools.

A detailed description of system building blocks, and the tools developed to study
them, is given in chapter 5. Results from the application of these tools are noted in
chapter 6.



CHAPTER 2 BACKGROUND

A historical overview of both theoretical and experimental work on granular
electronics is given. Specific emphasis is placed on the methods by which Coulomb
blockade effects are used to correlate and control electron tunnelling. The physical
systems in which tunnelling occurs are discussed, and the possibility of using each as
an integrable fabrication technology noted. Methods of constructing practical granular
electronic systems are considered. Novel design and analysis tools will be needed to

investigate such systems.

2.1 Historical Background

2.1.1 Coulomb Blockade

The origins of work on single electronic systems were experiments into the conduc-
tion of thin, granular metallic films; first in 1951 [15] and then again in 1962.
Neugebauer and Webb [16] measured a suppression in the dc conductance of films at
low temperature, and suggested the electric charging of film grains by discrete elec-

trons as its source.
Grains can be considered as small electrodes linked by tunnelling junctions. If elec-

trode intercapacitance is large, then conduction occurs, with the discreteness of tun-
nelling manifest as system shot noise [8]. For small electrode intercapacitance, the

electrostatic energy of tunnelling,

2
E, = ne 2.1

may be much greater than the thermal fluctuations of the system, which are of scale

kgT. This occurs at temperatures,

T<< T, where T, = 2kgC (2.2)

(T, is referred to as the critical temperature.) If in addition the tunnelling resistance
of the potential barrier R;, and any associated shunting resistances, are greater than
the resistance quantum Rg = h/4e2 = 6.45 kQ2, then quantum fluctuations of the sys-

tem will also be less than the energy scale E. and a Coulomb blockade of tunnelling
will occur. This blockade is only lifted if the electrostatic energy of tunnelling is
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supplied by the potential drop across the junction, i.e for junction voltages above a
threshold,

Vihresh = i% (2.3)

(Table 2.1 gives estimates of the voltage, current and time scales associated with
various values of junction capacitance, based on equations 2.1 - 2.3.)

Source  AreaS Capacitance C Temp. T, Resistance R V=¢e/2C I=V/R t=RC

(nm?2) (aF) (K) (kQ) (mV) (nA) (ps)
(@ 100100 300 3 100 0.25 2.5 30
(b) 30%30 30 30 100 2.5 25 3
(©) 10x10 3 300 100 25 250 0.3
(d)  100x100 20 46 1000 4 4 20
(e) ? 1000 0.9 340 0.08 0.2 340

Table 2.1 Estlmates of tunnelhng junction main parameters. Estimates (a-c) reproduced from [8] withC =C_S
where C, = 3x10°0 F/cm?, and R = 100kQ, typical values for metal oxide barriers. (a) represents state-of- the-
art junctions [17], (b) represents a record junction [14], and (c) represents the nanolithographic limit (18].

Estimate (d) calculated from L.S.Kuzmin, et al. [11] as typical of metal-insulator-metal junctions in 1-dimen-

sional tunnelling junction arrays. Estimate (e) calculated from L.J.Geerligs, et al. [10] for metal-insulator-metal
junctions in their gated turnstile device.

Despite extensive experimental work on such films [19], a detailed quantitative theory
of the suppression based on multiple tunnelling events was not then derived, due to

the random structure of the conducting grains. Recently there has been renewed
interest in this field [20-22].

Further progress came with simpler systems that allowed more direct measurement of
junction threshold voltage Vineesh. These structures, first studied by Zeller and
Giaever [23] and then by Lambe and Jaklevic [24], consist of ‘granular films’ sand-
wiched between metallic electrodes. Each grain in the metallic film forms a two junc-
tion system between the macroscopic electrodes, the whole system acting as a two-

dimensional parallel array of double junctions. A full theoretical analysis of such
systems has been achieved [25].

2.1.2 Coulomb Staircase

Although these results gave direct experimental evidence of Coulomb blockade, it
was not until 18 years later, in 1987, that techniques were refined enough to allow
measurement of another predicted effect - that of the Coulomb staircase [14, 26].

Coulomb Staircase Theory :

This phenomenon is exhibited in double junction systems under voltage bias (for ex-

ample, by one of the grains in the system of Zeller & Giaever mentioned above). The
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parameters of such a system are shown schematically in figure 2.1. Its analysis
requires consideration both of the discrete nature of electron tunnelling, and of the
discrete charge within the central electrode of the device.

Assume initially that C; << C;, R; <<Rj so R1,Cq R,,Cy
that the tunnelling rate through the first junction Nk “C:SQ \ | 4
is far greater than that through the second. Set the 1 Ak 1 AL/“\ 1
external bias conditions so that charge flow from Vi \/)
left to right is preferred, and increase the bias @V

voltage above the initial Coulomb blockade gap.

. .. . Fig 2.1 Equivalent circuit parameters
The governing circuit equations are ; of a double junction system under

voltage bias. Modified capacitor sym-
bols represent tunnelling junctions of

C, ne+6Q capacitance C, resistance R.Charge
Vi = C,+C, A C+C, on central electrode is ne+9Q.
C, ne+6Q

V, = 2.4)

Ci+C; v+ Ci+C,
where ne+0Q is the charge on the central electrode. This is the result of n electrons
on the electrode due to tunnelling events, and an initial charge 8Q due to external
voltages coupled to the electrode via stray or gating capacitance.

For given external voltage V, electrons will tunnel onto the central electrode until
V1 becomes smaller than e/(C{+C;), at which point the junction becomes Coulomb
blockaded. Because of the tunnelling rate assumptions above, we may assume that
this blockade condition is always reached before we need consider charge tunnelling
out through C,. Since the tunnelling rate through C; limits and governs the current
through the device, and since V3 is pinned by the blockade condition on junction 1,
current through the device remains constant over a range of external V.

In order to raise the number of electrons contained in the central electrode by one, V;
must be raised by AV =¢e/(C1+Cy), i.e,

_ € _ C2
1= C1+C2 - C1+C2

AV AV = AV = = (2.5)

which in turn allows a current increase of,

AV, e

Al = R, ~ RyCi+Cy)

(2.6)

Thus the IV curve of such a device shows distinct steps of width AV and height Al
As the junction parameters are brought nearer to C; = C;, Ry =R, and tunnelling
rates through each junction become comparable, blockade conditions are less likely to
build up, and the IV curve approaches linearity (although of course offset by the



Coulomb blockade voltage of €/2(C;+C2)). Detailed theory describing the double
junction system is given in [27], with application of the theory to typical experimental

conditions noted in [28].

Coulomb Staircase Observed :

Two methods were used to obtain measurement
of the Coulomb staircase. The later experiment,
performed by Barner and Ruggiero [26], studied
Ag particles of mean diameter 7.5nm sand-
wiched between Cu or Ag films and separated
from them by Al,O3 barriers. This was a
refinement of the methods discussed above, and
a schematic of the experimental device is shown
in figure 2.2.

The other method, due to Fulton and Dolan [14]
used the techniques of electron-beam lithogra-
phy to pattern sets of Al-Al,0O3-Al junctions

-«— 25 ym——>

7 2-4nm A1203 barriers

7 nm
Ag film

50 - 200 nm
Ag base electrode

7 7
s

Fig 2.2 Cross section schematic of an
array of double junctions formed by
sandwiching a thin conducting film be-
tween two bulk electrodes [26]. In this
case devices (251um)? were used, with
total resistance in the range 1-100MQ.

onto a silicon substrate. These structures exhibited single electron charging effects

just as expected. Figure 2.4 shows the process by which the junctions were formed
and notes the scales involved. These were the first artificially fabricated junction sets
that allowed control over the position and capacitance of individual junctions.

2.1.3 Single Electronic Transistor

Theory of Operation :

At the same time as Coulomb staircase effects were being measured in the IV curves

of double junction systems, the importance of the fractional charge 6Q on device op-
eration was being realised [29, 30]. Consider again the schematic of figure 2.1, with
negligible external bias V=0. The capacitive energy of the central electrode is,

(ne+0Q)2

E = 2c+C)

.7

with n the net number of electronic charges which have tunnelled onto the central
electrode above equilibrium, and 8Q a fractional charge due to potentials coupled to

the central electrode via stray capacitance. (Of course 8Q may have any charge

value, but 86Q = e will induce tunnelling events bringing the system to a new
equilibrium condition, so only 8Q of the order of e need be considered in practice.)
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8Q=-1/2

—~ 8Q=0 —_ i}
O 37 g3—
=t Q
\\ 14 e
m [63]
2 -1 0 1 2 2 -1 0 1 2
n n

Fig 2.3 Energy diagram illustrating the effect of fractional charge on the central
electrode of a double junction. Charge on the junction can only change by an
integral amount, into the states marked by solid dots. For 8Q =0,1,... an energy
barrier of at least €%/2(C;+C,) is encountered. For 8Q = ‘half integral’ tun-
nelling can occur without experiencing a blockade effect.

Figure 2.3 shows the electrostatic energy of this central electrode as a function of n,
for two limiting values of 8Q. Note that because of the discrete nature of tunnelling
only those energy states marked with solid dots are allowable. When 8Q =0 there is
a tunnelling activation energy of €2/2(C;+C,). This is the normal Coulomb blockade
effect. However, when 6Q =— % e, the activation energy is reduced to zero, and
charge transfer can occur without penalty. If it were possible to closely control the
fractional charge on the central electrode of this double junction, then a switch or
single electronic transistor could be formed. Coupling a gating voltage Vg to the
electrode by way of a small non tunnelling capacitance C < C;,C, is the simplest
way of doing this, q=CVj. It has also been suggested that ‘trickling’ charge onto
the electrode by way of a high impedance resistor (forming a resistive single elec-
tronic transistor) may be an alternative [30]. Both capacitive and resistive single
electronic transistors have now been fabricated and their transfer characteristics
measured [31, 32]. The results of these studies are discussed below in §2.3.1.

Importance of Staircase and Transistor Effects :

These phenomena, the Coulomb staircase and single electronic transistor, are basic to
the whole field of single electronics. Each relies both on the integral nature of tun-
nelling charge, and on the integral nature of charge on an isolated electrode. Firstly,
the Coulomb staircase shows mutual correlation of junction tunnelling events. Such
correlation effects are vital in governing and stabilising electron flow in extended
systems. Conversely, the single electronic transistor shows the effect of externally
controlled fractional electrode charge on the IV curve of a system. It is the basis of
single electronic turnstile devices [9, 10], where a varying gate voltage provides de-

tailed control of electron flow in a system of junctions.
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This sensitivity to external charge is also the source of many of the problems encoun-
tered in systems of single electronic devices. For example the presence of random

static charge trapped next to a single electronic transistor will introduce an indetermi-
nate shift in its transfer characteristic along the Vg axis. This makes practical biasing
of groups of such devices extremely difficult. Such problems are returned to in §2.3.1.

Validity of Theoretical Model :

A semiclassical model, describing not only the Coulomb staircase and single electron
transistor, but general systems of tunnelling junctions, was derived from the basic
quantum mechanics [8, 29, 30, 33, 34]. This theory is reviewed in [35] along with
experimental results confirming its validity. It holds under two main assumptions.
Firstly that thermal and quantum fluctuations are less than the characteristic energy
scales of the junctions (i.e Ry, Rshunt >>Rq and E; <<kgT ). Secondly, that the
relaxation time of the electromagnetic environment of any junction is much smaller
than the time between subsequent tunnelling events. These conditions will be exam-
ined, and the theory described in detail, in chapter 4. They are found to apply in many
metal-insulator-metal structures. This model is used as the basis for the simulation

tools we shall develop.

2.1.4 Further Areas of Research

Since these foundational discoveries, progress in the field has been rapid and has
taken a number of directions.

Extensions of the Theoretical Model :

Theoretically, several extensions to the semiclassical model have been made. Firstly,
the effect of fluctuations in the external electromagnetic environment of junctions has
been included [36-38]. Higher order tunnelling processes - macroscopic quantum
tunnelling (MQT) or electron cotunnelling - have also been considered [13] and
experimentally measured [39, 40]. In the literature, MQT often refers to tunnelling
events occurring in a number of junctions simultaneously, bringing the system from
an initial to final charge state by way of one or more virtual intermediate states which
would not normally be energetically possible. This is an important ‘killer’ process in
single electronic systems. Invariably, the virtual states through which macroscopic
quantum tunnelling occurs are those states designed to be illegal in order for the sys-
tem to operate properly. Extensions to the simple theory including quantum
fluctuations and cotunnelling will be discussed in detail in chapter 4.
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Possible Device Technologies :

Experimentally, following a suggestion by Mullen et al. [34], the Coulomb staircase
was observed using a scanning tunnelling microscope (STM) imaging an In droplet
above an Al-Al,O3 plane, with junctions formed across the oxide barrier and by the
vacuum between the dot and STM tip [41]. The highest T, values have consistently
been measured by scanning tunnelling microscopy, with reports [42, 43] and later
confirmation [3, 44, 45] of single electron tunnelling effects at room temperature.
Junctions have been formed with T, = 1150 K [3]. STM work is of particular use
where it is possible to measure the Coulomb staircase and image the structures from
which they derive [27, 46], thus comparing geometrical and measured capacitance.

Of greater interest for this work are fabrication approaches where integration is pos-
sible - i.e where it is possible to make some choice over both the value of junction
parameters and how those junctions interconnect.

Initially, the fabrication of integrable systems relied upon the ‘suspended resist’
technique used by Fulton and Dolan [47]. As well as single and double junctions,
systems comprising four gated junctions (electron pumps or ‘turnstiles’) [9, 10] and
longer linear junction arrays [11, 48-50] have been fabricated. Studies in regular 2D
arrays have also been reported [51, 52]. Indeed the field has progressed to the extent
that design and construction of a single electronic current standard is already under
way [53]. This work will concentrate on the modelling of metal-insulator systems.

However single electron charging phenomena are not confined to metal-insulator
systems. Much present research is aimed at exploring charging effects in squeezed
geometry, two-dimensional electron gas (2DEG) systems.

The periodic conductance oscillations characteristic of double junction single elec-
tronic transistors were first recognised in quasi-one-dimensional quantum wires by
Scott-Thomas et al. [54]. Later, the same lithographic techniques were used to create
devices which allowed the formation of small ‘pools’ of 2DEG (quantum dots) into
which electrons could tunnel from larger 2DEG reservoirs [55]. These quantum dots
are the analogue of the central electrode in metal-insulator-metal systems. Thus many
devices fabricated using metal-insulator-metal technology can also be constructed as
semiconductor devices.

Semiconductor systems are particularly convenient for research into single electronics
because device parameters can easily be changed by variation of bias conditions.
However this versatility is offset by complications due to the nature of electron trans-
port in semiconductors. These complications are discussed in more detail in §2.2.2.
At present both single electronic transistors [56] and gated turnstile devices [57] have

been demonstrated in 2DEG systems.
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2.2 Fabrication Technologies

2.2.1 Metal-Insulator Technologies

Figures 2.4 to 2.8 describe schematically four fabrication approaches which allow the
possibility of integrating systems of tunnelling junctions onto a single substrate.
Figure 2.6 is an electron micrograph of an actual system, whose fabrication approach

is shown schematically in figure 2.7.

angled evaporation '/' angled evaporation ‘,

’ 4 \ \

4
E ’ suspended E ) unused metal

resist mask

[ substrate ] | substrate

First Metallisati S I Metallisati

Fig 2.4 Processing steps involved in creating metal-oxide-metal tunnelling junctions. The
technique was developed by Dolan [47] using photolithography, and extended for fabrication of
Josephson junctions [58] and tunnelling junctions [14, 59] using e-beam lithography. The
suspended mask is formed from a germanium layer deposited on top of a polymeric resist and then
itself patterned. Some of the underlying polymer is removed with the germanium resist coating,
forming the overhang. Oxidation between successive metal depositions forms the insulating
tunnelling layer. Typical recorded junctions have side 30nm (i.e area 900nm?) [14].

potential barriers caused
by gate ‘fingers'

Metallised Gate
narrow 2DEG/ GaAs
AlGaAs
S [—
'¥~n" Substrate
Physical Structure

Fig 2.5 Laterally patterned two-dimensional electron gas in a semiconductor heterostructure,
and schematic of the potential landscape along the narrow 2DEG (quasi-1DEG) channel in that
heterostructure. The gate fingers induce an island or ‘dot’ of 2DEG separated from the end
reservoirs by tunnelling barriers. The energy levels of this dot are discrete, unlike metallic
electrodes where levels can be assumed to be continuous. |, and p, are the electrochemical
potentials of wide two-dimensional electron gas reservoirs at each end of the structure. ¢, is the
electrostatic potential of the dot containing n electrons, and E, is the energy level of the nth
electron in that dot. Potential landscape diagram based on [57].
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Fig 2.6 Electron micrograph of lateral metal-semiconductor-metal, Schottky dot device developed at
Glasgow by Weaver et al. [60] (see figure 2.7 and text for description of junction operation). The
device consists of six linear junction arrays arranged in parallel. Each linear junction array consists of 7
junctions. Results of the modelling of such a system are given in chapter 6.
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Metallic hemispheres form Schottky
barriers with semiconductor substrate.
Electrons tunnel through Schottkys to
next electrode.

Fig 2.7 Lateral metal-semiconductor-metal, Schottky dot system developed at Glasgow (figure 2.6
shows an actual device viewed by electron microscope) by Weaver et al. [60]. Al dots are deposited
on a p-type silicon substrate, forming Schottky contacts with it. Overlapping ‘Schottky tunnelling
tails’ should permit electron tunnelling from dot to dot via the semiconductor. The high resolution
lithography involves fewer processing steps than traditional ‘suspended resist’ methods and dots of
20nm radius and 12nm spacing have been demonstrated. Geometrical calculations including
fringing fields estimate critical temperatures of up to T, =75 K [61]. Dots of < Snm radius should
eventually be possible.

Fig 2.8 Schematic of controlled position, granular structure under development at Glasgow by Nicol
[62]. Resolution limit electron-beam lithography is used to control the size and positioning of Al
grains deposited on a silicon substrate. Charge transfer will take place by electrons tunnelling through
grain oxide layers. The ideal situation is shown, a single grain-grain connection. Grain diameters of 10
- 30nm, each with a 3nm oxide layer, are possible. Geometrical calculations, including fringing fields,
estimate critical temperatures for 30nm grains of T, = 130K.

Hanging Resist Systems :

Figure 2.4 describes the ‘hanging resist’ technique devised by Fulton and Dolan [47].
The technique is well proven, and has been successfully used to fabricate a number of
devices [9, 48, 49, 63]. At present it is the only proven method of producing metal-
insulator-metal tunnelling junctions that are small enough to exhibit strong blockade
effects and are integrable into multi-junction systems.

The disadvantages of the hanging resist process stem from its complexity. A number
of exacting patterning, etching and evaporation steps are required. The initial design
of the slotted mask (see figure 2.4) through which metallisations take place is intri-
cate, and care must be taken with the placing of both junctions and unused metal.
Finally, polymer thicknesses and evaporation angles place limits on the scale of pos-
sible structures. At present, typical junctions have capacitance from 2x10-16F to
7x10-16 F, with grounding strays C,=2x10-17F and gating capacitances
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Cg=5x10-18F {11]. Tunnelling resistances in the range 100kQ to 1MQ are com-
mon [49].

Such junction capacitances are equivalent to at best T = 4.6 K, which requires mil-
likelvin temperatures for practical device operation (it will be shown in chapter 6 that
practical operating temperatures need to be some 30 times lower than the T, value).

Obviously metal-insulator-metal junctions with capacitances closer to those of STM
and granular systems would be more desirable.

Controlled Granular Systems :

Figures 2.7 - 2.8 describe fabrication approaches due to J. Weaver et al. {60] and

J. Nicol [62]. These structures attempt to create the high T, values of granular
structures in a controlled and integrable fashion. They make use of ultra high resolu-
tion lithography techniques developed at Glasgow, and have the added advantage of
requiring fewer processing steps than the hanging resist technology.

Figure 2.7 shows a metal-on-semiconductor, Schottky dot system. An essential fea-
ture of this system is that the ‘tunnelling tails’ of the Schottky islands overlap - thus
permitting correlated tunnelling from dot to dot via the semiconductor. A full analysis
of tunnelling capacitance requires knowledge of dot geometry, semiconductor doping
levels, and the nature of both the metal-semiconductor interface and semiconductor
surface. However simplified modelling of 20nm radius Al dots spaced 12nm apart
on a silicon substrate suggest critical temperatures up to T, =75 K [61]. Dots of

< 5nm radii and spacing should eventually be achievable [60].

Figure 2.8 shows a controlled granular structure under investigation by J. Nicol. Here
a combination of resolution limit, electron-beam lithography and carefully controlled
metal deposition is used to form a constriction in an Al wire. The ideal situation is
shown in figure 2.8, where the apex of the constriction is made up of two Al grains,
separated only by oxide layers. Charge transfer will then occur with electrons tun-
nelling across these oxide layers. Geometrical calculations estimate critical tempera-
tures up to T, = 130 K for grains of 30nm diameter (see chapter 3). It is estimated

that grain diameters of 10-30nm are possible using present lithographic equipment
[62]. Effective oxide thicknesses of 3nm are assumed.

Examples of both metal-on-semiconductor and controlled granular structures have
been fabricated. An electron micrograph of the Schottky dot system (Al wires on a
p-silicon substrate) is shown in figure 2.6. The IV curve of this set of 6 parallel
junction arrays, each 7 junctions long, is modelled in chapter 6. If such structures are
found to be experimentally viable, then it will be possible to construct practical metal-
insulator-metal devices operating at liquid nitrogen temperatures.
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222 Semiconductor Technologies

Reasons for Studying Charging Effects in Semiconductors :

As noted above, a great deal of present work concentrates on charging effects in
semiconductor systems, particularly those in which a confined ‘pool’ of conduction
electrons is produced. This is for three main reasons. Firstly, there is already a wide
body of experience in the fabrication of such systems. Secondly the active region of
such a device can usually be modified drastically by differing bias conditions, making
it an ideal research platform. Thirdly, and most importantly, differences in electron
transport between these and metal-insulator-metal devices give rise to novel device
properties which require study.

A great deal of experimental work has been accomplished in the field [56, 64-67] and
theories of varying detail developed [68-70]. However a modified semiclassical the-
ory (developed for metal-insulator-metal systems, but including the discrete energy
states of confined electrons) seems to fit well, even in small semiconductor devices
where more detailed quantum mechanics suggests that its results will be invalid [4].
Experimental results such as these mean that semiconductor systems are still under
active research.

Properties of Lateral Semiconductor Devices :

Two main classes of semiconductor system are important. Most common are laterally
patterned devices, where a GaAs/AlGaAs heterojunction aliows the accuomulation of
a thin, quasi two-dimensional layer of electrons (a 2-D electron gas or 2DEG).
Metallised gates on the surface of the structure are then biased to deplete some re-
gions of this 2DEG, leaving confined pools and reservoirs of electrons. Such a struc-
ture is shown in figure 2.5. Here electrons are effectively confined to a narrow chan-
nel down the centre of the device. The channel is itself pinched off by two sets of
‘fingers’, forming a pool or quantum dot of electrons between two reservoirs. This
device is a first approximation to the double junction system of figure 2.1 with the
quantum dot taking the place of the central metallic electrode. Variation of gate bias
will change the size of the dot, and the width of the potential barriers between it and
the 2DEG reservoirs. Different gate geometries should allow more complex inte-
grated systems of junctions and electrodes.

The right hand diagram of figure 2.5 shows the potential landscape through the chan-
nel of the double junction device and indicates two main reasons why single electron
charging phenomena in semiconductors and metals should differ.

We have so far assumed a semiclassical model of tunnelling, where only the discrete
quantum nature of the electron was needed to explain experiment. However in semi-
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conductor systems the Bohr radius ap is large (ap = 10nm for GaAs), and as such
the energy level spectrum in a confined dot can no longer be considered as continu-
ous. For small dots, this energy spacing AE, may even be comparable to the charg-
ing energy scale e2/2C. Figure 2.5 shows dot energy levels with ‘half integral’ ¢,
(i.e the potential of the dot is such that Coulomb blockade is suppressed, as shown in
figure 2.3 above). Even under these conditions strong conduction can only occur
when a charge state E,, is appropriately aligned with the electrochemical potentials
of the reservoirs. The change in dot potential needed to move from one conduction
maximum to the next therefore becomes a combination of Coulomb and energy state
spacings AV =e?/C + AE,,.

A second complication arises because the Fermi energy in semiconductors may itself
be comparable to the charging energy scale and the dot may not contain more than a
few conduction electrons [70]. For a dot containing a few thousand free electrons

AE,, can be assumed to be approximately constant over n, and the device will oper-
ate in a linear regime. However with few free electrons in the dot the differences be-
tween energy levels are more marked. Electron-electron interaction energies will vary
strongly with the number of filled states, as will the distribution of confined charge for
each state [71]. Indeed under these conditions the semiclassical model of an electron
‘pool’ with capacitive tunnelling junctions becomes increasingly invalid. It becomes
more appropriate to think of a double barrier resonant tunnelling device with wide,
low barriers and a central region containing trapped charge and scattering centres. A
full quantum mechanical treatment, including the effect of the device fluctuation

potential [72], becomes necessary to accurately predict experimental results.

A number of laterally patterned quantum devices have been fabricated with physical
dimensions in the 0.5 - 1.0 pm range being common. Because of depletion, the
quantum dots produced have diameters approximately 350 nm smaller [71], with
dots as small as 100 nm in diameter being reported [67]. These smallest dots may
contain fewer then 25 electrons. Dot capacitance is usually estimated by using the
formula for the self-capacitance of a circular disc, C =4¢yed [73], which gives good
results for larger dots. Capacitance values are obtained experimentally by graphing
the period of conductance oscillations versus gate voltage, using AV = e2/C + AE,,.
In general, single electron charging dominates the separation of energy levels in these
systems, and so AE, can be ignored when approximating C. Capacitance values in
the region 2x10-16F to 3x10-17 F have been observed [65, 71]. Recently sub

100 nm dots have been reported with C = 5x10-18 F (which implies a critical
temperature T = 370 K) [74]. However this ‘dot’ was the result of an uncontrolled
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artefact in the fabrication process of a device with nominally greater C, and would

not be reproducible in integrated systems.

Properties of Vertical Semiconductor Devices :

The second class of semiconductor system in
which Coulomb charging effects have been
studied are the double barrier resonant tun-
nelling devices (DBRTDs). A generic DBRTD

electrode

is shown in figure 2.9. The main difference be- BT oA
tween these and laterally patterned devices is of undoped GaAs spacer ~ well

. . . L
course the vertical conduction path, with tun- 7///, substrate //

nelling barriers being formed at fabrication by . .
Fig 2.9 Schematic of a double barrier

semiconductor heterostructures. A number of resonant tunnelling device. A thin po-
. . . tential well is formed between two
important properties then follow: AlGaAs tunnel barriers. Well extent is

Firstly, device parameters cannot be varied after ~ determined by the GaAs cap layer.
. . . Conduction is vertical. ‘+’ represents
fabrication. This leads to less flexibility of op- delta doping in the top blocking barrier.
eration, but it does allow those parameters to be
measured and known far more accurately than with lateral devices. Secondly, device
gating is difficult (although this has been done [75]) and this adds to the difficulties of
integrating DBRTD systems.
Electrically, DBRTDs have all the complications of small, few electron, laterally pat-
terned devices. It is relatively easy to produce size quantisation between tunnelling
barriers so that AE; = e2/2C. This complicates the measured charging effects on
device conductance. With no applied voltage, there is no free charge in the ‘dot’ be-
tween tunnelling barriers. For small n each AE, and charging energy will then vary
markedly. Finally, DBRTDs by their very nature are designed to avoid scattering be-
tween the tunnelling barriers. They retain phase information in the tunnelling electron
wavefunction and require conservation of both energy and momentum [71].
All of these factors suggest that charging effects in DBRTDs should vary markedly

from the predictions of simple Coulomb blockade theory.

The experimental evidence [71, 75-77] does show blockade effects, with estimated
dot capacitances of C = 3x10-17 F. However, further work is required before system-

atic agreement between experiment and present theory is obtained.

Advantages / Disadvantages of Semiconductors for Single-electronic Systems :

To summarise, semiconductor systems seem to have two main advantages over metal-
insulator-metal devices. Smaller capacitance values can presently be produced, and
lateral devices have a flexibility that makes them ideal for research.
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They also have a number of complications, due to quantum effects (size quantisation
and finite number of free carriers) which can be ignored in present metallic systems.
These perturb device operation to a greater or lesser extent, and further research is
needed to fully characterise them. However, experimental results show that even
when these effects are present, devices still approximately obey simple Coulomb
blockade theories - there is no catastrophic breakdown of charging effects. It is rea-
sonable to assume that practical single electronic systems could be fabricated even

allowing for these further quantum complications.

Finally, there are a number of major problems which have to be overcome in order to
produce practical single electronic systems in semiconductor materials. These mainly
concern unwanted charge and its effects on the system. The effect of external charge
states has already been mentioned above. Single electronic systems are extremely
sensitive to stray external charge (this is precisely the reason that they have been
suggested as the basis for high sensitivity electrometers [53]). Any unwanted fixed
charge will perturb the biasing of semiconductor systems, and varying charge (from
trapping-detrapping events for instance) can produce unwanted gating effects destruc-
tive to system operation. Much of the work of single electronic systems is in fact
aimed at designing systems resistant to stray charge. As noted in this section, impuri-
ties in tunnelling electrodes themselves also cause problems, perturbing conduction.
These impurities frequently occur in experimental systems {735, 77]. Single electronics
system design must assume that such impurities will occur in any practical systems

and design circuits which minimise their effect.

It should be noted that, notwithstanding these problems, several results first obtained
in metallic systems have been demonstrated in semiconductor devices - including a
functioning gated turnstile device [57], and the observation of electron cotunnelling

[78].
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2.3 System Properties

2.3.1 Analogue Systems
Capacitive and Resistive Single Electronic Transistors :

The idea of using single electronic devices as \A
components in more complex systems was raised %

. V,
in early theoretical work describing Coulomb —o ‘out

Co N
blockade effects [29]. Initially it was envisaged °—I < Rt,C
that single electronic transistors could be used for Vgate I N

HE v

7%

the processing and amplification of both analogue

and digital signals.
Fig 2.10 Circuit schematic of a

Figure 2.10 shows a single electronic transistor L .
capacitive single electronic tran-

formed from a double junction system and gated sistor (C-SET). The resistive sin-
. . gle electronic transistor (R-SET)
through a small non-tunnelling capacitance C,. is identical apart from a resistance

The voltage gain, given by, R, in place of C.,.

—_ a\IOUI

K, = 28)

A\
gate | 1= const

can be analysed using standard semiclassical theory, and is found to be close to C,/C
[30]. However, in order to avoid undue sensitivity to noise at the gate electrode, Cy/C
cannot be raised much higher than unity. In practice, therefore, voltage gains of

Ky = 0.35 are typical [79]. Another problem with this capacitive single electronic
transistor (C-SET) is that of the initial charge on the gated electrode. The transfer
characteristic of the device is periodic in Vgae, with period e/C,. Any fractional
charge on the gated electrode (due to random impurities or external potentials coupled
by strays to the electrode) effectively biases the C-SET at a random point within this
transfer characteristic. In highly integrated circuits it would be impossible to trim
each C-SET individually. Because of the low K,, using feedback to provide stability

is also impracticable.

To overcome the difficulties in using the C-SET we consider the resistive single elec-
tronic transistor (R-SET). Here a high impedance resistance R, is used in place of
the gating capacitance C, to trickle charge into the central electrode. The rate of
charge flow to the electrode is given by,

8Q = Vgatg - Velcctrode (2.9)

R,
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where Velectrode 18 itself a function of 8Q, determined by standard semiclassical the-
ory. Analysis [30] shows a well defined transfer characteristic, independent of any ini-

tial electrode charge and with high K,. Electrically, the only advantage of the C-SET
is its almost infinite input impedance at low frequencies.

There is, however, a major practical problem with the R-SET. To be effective, its gate
resistance must be larger than the resistances of the tunnelling junctions, and must oc-
cupy a small enough area of substrate to avoid large stray capacitance. Resistances of
the order of MQ in um? areas are required. Present thin film resistances do not yet
achieve this goal [37]. One suggested work-around is to use an array of tunnelling
junctions as a high impedance gate resistance [32]. An R-SET can be formed by this
technique, but the threshold voltage of the junction array interferes with the operation
of the device and at present the highest voltage gain obtained is K, =0.85. There is
as yet no clear solution to the physical problem of creating R-SET gating resistances.

Summary of C/R-SET Properties :

Thus the fabrication difficulties of R-SET devices, and the gain and biasing dif-
ficulties of C-SET devices, mean that neither is a likely candidate for large scale
integrated systems processing analogue data. The processing of digital data, if

attempted using the ‘transistor-like’ action of R & C-SET devices, will also be
possible only for low scale integration.

2.3.2 'Digital’ Systems

Another way to use tunnelling junctions in digital systems is to make use of the inte-
gral nature of electron tunnelling directly. Here the presence or absence of excess
charge on a metallic electrode (due to tunnelling events from or to it) may be used to
represent digital bits. We refer to this ‘digital’ use of Coulomb blockade effects as

single electronic logic. This is opposed to the term granular electronics which covers
all devices whose operation relies on the integral nature of charge.

Benefits of Single Electronic Logic :

Such a use of double junction devices turns out to be directly analogous to an effect in
Josephson Junctions - that of the movement of magnetic flux quanta in double junc-
tion superconducting quantum interferometers [30]. These systems have been widely
studied, and considered as the basis for logic elements in digital systems [80]. The
mathematics governing both types of system is very similar, indeed a simple set of
transforms (given in Table 2.2) relate the equations governing both effects.
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Single Electronic Superconducting Quantum

Tunnelling Devices Interferometer Devices
charge Q o flux ¢
electronic charge e © flux quantum ¢,
voltage V © current I
capacitance C © inductance L
resistance R > conductance G
series connections “ parallel connections

Table 2.2 Electromagnetic duality transformations relating the operation
of single electronic devices with those of Josephson Junction based
superconducting quantum interferometer devices [30]. The same form of
equations governs both systems, so that results derived for one set of
devices will, on transformation, apply to the other.

In particular, circuits developed for the resistive single flux quantum logic (RSQL)
family using Josephson Junctions [5] transform directly into single electronic logic
circuits (Some examples are given in [8]). These include both combinatorial logic and
memory elements. Some of the benefits obtained by using this approach to the pro-

cessing of digital signals are outlined below [81];

* Performance : device speed is ultimately governed by system RC time constants,
and immunity to thermal noise by how far the operating temperature is below
T, = e2/2kgC. Both these qualities improve as device size reduces. Table 2.1 gives
some ‘handhold’ figures for RC & T..

* Logic regeneration : because device operation is governed by the tunaclliag af dis-
crete charges, there is no degradation of the digital signal and logic ‘regeneration’ is
automatic.

» Fabrication tolerances : unlike waveguide interferometer switches, the separation
and height of tunnelling barriers need not be carefully controlled. Thus devices are
thus relatively insensitive to poorly controlled aspects of fabrication such as barrier
thickness.

* Energy dissipation : the speed-power product of single electronic logic is substan-
tially better than any of the present logic families. The single electronic transistor
power-delay product is of the order of kgT.. Record metal-insulator-metal junc-
tions may have T, =30 K (see table 2.1), or 2.5 meV. If stable, room temperature
single electronic logic requires T, = 9000 K, this still gives = 0.75 eV. This com-
pares with complementary metal-oxide silicon (CMOS) technology, = 1010 ¢V,
and single flux quantum logic, = 10*eV. Single electronic transistors thus easily
break the 1 fJ barrier of 6x103eV.

From these benefits, it appears that single electronic logic may allow the fabrication
of extended digital systems operating under low power, at room temperature, with
fine stability to thermal fluctuations and fabrication imperfections. In order to produce
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such systems, the fabrication technology must deliver integrable, ultra small junction
capacitances (<< 1 aF for room temperature operation). The technology must also al-
low the careful control and elimination of unwanted stray charge. As shown in §2.2,
both metal-insulator-metal and semiconductor fabrication technologies are at present
an order of magnitude outside the 1 aF barrier. Both technologies offer the possibil-
ity of good integrability. Semiconductor systems seem to present the greater problems

when trying to control unwanted charge.

2.3.3 Unanswered Questions

Independent of whatever fabrication technology is used to construct single electronic
devices, there are a number of important questions still to be researched. Most link to
the problems of uncontrolled stray charge, but it is also necessary to consider system
stability, signal input/output, and the effect of higher order tunnelling processes on

system performance. We summarize some of these questions below;

* What effects on system operation are caused by the presence of stray external
charge? How does such charge effect the bias of electrodes? Can systems be de-
signed which are resistant to such charge? Answers to these questions will indicate
what level of shielding is required between and around single electronic systems
and devices.

» What are the particular effects of non-static charge on system operation? This could
be caused by; external noise coupled through strays, charge trapping-detrapping in
the devices themselves, or the movement of charge in other parts of an extended
system (cross-talk). What shielding methods or reduction in device density might be
required to counteract these problems? Again, can systems resistant to these effects
be constructed.

* What are the effects on system operation of variation in system components? No
fabrication process is ideal, and there will always be a spread of component parame-
ters around their nominal values. How critical are these values to correct system op-
eration?

* Under what external biasing does ideal system operation occur? How can systems
be designed which operate correctly under a wide range of biasing conditions?

* What levels of thermal and quantum fluctuations cause system breakdown?

* When digital signals are processed by single electronic systems what level of pro-
cessing errors is likely? How do these error rates relate to the magnitude of thermal
and quantum fluctuations, component variation and the presence of static and non-
static stray charge?

* How can input/output (I/O) operations be performed on single electronic systems?
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* How will higher order tunnelling processes (i.e macroscopic quantum tunnelling or
electron cotunnelling) effect single electronic systems? What effect will such pro-

cesses have on the ‘bit error rates’ of a system?

2.34 The Need for Modelling Tools

The purpose of this work is to develop new tools for the design and analysis of single
electronic systems - tools which will allow some of the above questions to be an-
swered for specific systems, and which will aid in the design of systems resistant to

the stray charge based problems mentioned above.

It would be convenient if it were possible to answer some of the above questions by
simple analytic results, even if such results only approximated device properties. This
is sometimes possible (for instance in Chapter 3 various analytic approximations to
the capacitance of a tunnelling junction are offered and compared).

However, in the majority of cases no simple analytic results can be obtained. This is
due in part to the complexity of single electronic systems, but also because the equa-
tions describing their operation must describe both continuous (charging) and discrete
(tunnelling) processes.

As an example of this, Appendix A describes an elementary stability analysis of tun-
nelling junction arrays. The stability of such an array to perturbations in its capaci-
tance values is discussed (an important question given the impossibility of perfect
fabrication methods). The theory can adequately describe such arrays when no tun-
nelling takes place. However, when discrete tunnelling events are included, the gov-

erning equations become non-autonomous and the problem highly non-trivial.

Thus, our tools emphasise computer modelling for the investigation of general single
electronic systems. Equivalent circuits of each physical system may be constructed,
and modelling used to discover how each physical parameter effects its operation. In

this way we expect to answer some of the questions noted above.

The remainder of this work concentrates on system equivalent circuits; how their
component values are obtained, how charge tunnelling rates within them are calcu-
lated, and the computer programs used to model their action. Initially, these tools are
applied to the simplest systems of single electronic logic, tunnelling junction arrays.
They are then improved and extended to deal with more complex systems including

electron turnstiles and coupled devices.

—-26 -



CHAPTER 3 ANALYSIS OF DEVICE GEOMETRY
& CAPACITANCE

This chapter considers in detail the calculation of junction and grounding capacitance
for tunnelling junctions and electrodes based on their physical geometry. Such results
are necessary if accurate equivalent circuits of single electronic systems are to be
constructed. The value of analytic capacitance estimates based on simplified geome-
tries is discussed, and some of the formulae in common use considered. The interca-
pacitance of two metallic spheres surrounded by dielectric shells is derived. Compar-
isons are made between this result and parallel plate or spherical capacitor estimates.

3.1 The Need for Analytic Capacitance Calculations

3.1.1 Analytic Solution Versus Finite Element Methods

There are two main reasons for performing geometrical calculations of the capaci-
tances involved in a single electronic system.

Firstly, to allow effective comparison between experimental results and theoretical
predictions. Obviously, the more accurate the geometrical estimate of junction and
stray capacitances in a system, the better chance of making useful comparison with
experimental results.

Secondly, to be able to obtain ‘working estimates’ of capacitance quickly and easily.
These give experimentalists a simple indication of probable device operating parame-
ters and help in deciding whether a device would be feasible given limitations in ma-
terial properties and fabrication techniques. They may also help in choosing which

devices to model more precisely if more accurate models are not available, or are
computationally expensive.

Advantages of Finite Element Calculation :

In order to make accurate predictions of junction capacitance, the geometry of the
system must be well defined, and some form of finite element solution of the electro-
static field equations (i.e Laplace’s equation) used. The materials and geometry of any
real system make direct analytic derivation of these equations impossible in practice.
Such finite element calculations are being performed for the metal-semiconductor-
metal Schottky dot system under development at Glasgow. The work has been under-
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taken by Asen Asenov using a computer model originally developed for work on
MESFETs and HEMTs [82]. A sample of the results obtained is shown in figure 3.1.
The model is of particular use in metal-semiconductor-metal systems as it includes
the presence of donor and acceptor states in the semiconductor substrate and surface
pinning states. Both of these can modify junction and grounding capacitances,
increasing them by up to 25% [61].

WN=
1 (\/) / -

—

(23 ~

n

19 18 2.

X -

Fig 3.1 The electric potential surrounding two aluminium wires on a silicon substrate - modelling
work done by A. Asenov using the model of [82]. The wires are 40nm wide and spaced 12nm
apart on a p-silicon substrate 250nm deep. Calculations based on these modelled potentials yield
an intercapacitance of 8.0x10-13 Fem-! with a capacitance to ground of 15.0x10°13 Fem-!.

Figure 3.1 shows the solution of a two-dimensional problem. The majority of real-life
problems also have small size (and therefore large fringing fields) in the third dimen-
sion. Work is presently under way developing full three-dimensional solvers.

Advantages of Analytic Solution :

One method of obtaining a working estimate of the junction or grounding capacitance
of a device is to analytically solve for the capacitance of a simpler approximate ge-
ometry. Although not requiring the accuracy of a finite element calculation, an ana-
lytic approximate solution must have two main qualities in order to be useful. It must
firstly be easy to calculate - ideally a relatively simple formula that requires only a
hand calculator. Secondly, it must represent all the important physics of the problem.
For instance, small tunnelling junctions are often approximated by the common
‘parallel plate’ capacitance formula C =¢g,€,A/d, where A isthe areaand d the
distance between capacitor plates, €, the permittivity of free space and €, the

relative permittivity of the dielectric medium between the plates. This formula does
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not take account of fringing fields at the edges of capacitor plates. For small junctions
these fringing fields will make a major contribution to the final capacitance value. A
solution which ignores these fields is ignoring an important part of the problem.

This chapter will be mainly concerned with deriving analytic results which allow easy
capacitance calculation for simple geometries - results that can be used as tools in

approximating the capacitance of more complex systems.

3.1.2 Geometrical Idealisations

Common Geometrical Idealisations :

As noted in Chapter 2, single electron tunnelling effects have been shown to occur in
many fabrication systems, including; thin granular films [20, 26], scanning tunnelling
microscopy on small metallic grains [41, 46] and hanging resist fabricated metal-in-
sulator-metal structures [11, 14, 49, 83]. Blockade effects have even been measured in
thin crossed wires held touching by magnetic fields [84]. A range of approximation
techniques for the calculation of junction capacitance in these devices has been used.
The geometry of the system is idealised so that a simple analytical result applies. The
major geometrical idealisations are shown in table 3.1.

Capacitance of Common Geometric Idealisations
ripti formulae diagram

self capacitance of a con-
ducting sphere

self capacitance of a thin C=38
conducting disc =062 @

parallel plate capacitor

C=4ne,a

C= <1 area, A

sphere/plane capacitor C=2nealn[(a+d)/d] a>>d _“_ﬁ_“im“m
distance, d

Table 3.1 Formulae for the common geometric idealisations used to estimate junction and
electrode capacitances in the literature. All formulae assume the conductors are in vacuo,
with the permittivity of free space represented by €,. Note the diagram for the sphere/plane
formulae is not to scale, as the formula holds only for a >>d.

&A —
d

In granular film or scanning tunnelling microscope approaches it is usual to make
idealisations based on spherical geometries [26, 46]. However in the ‘lithographic’
approaches (e.g hanging resist structures) it is more common to find parallel plate
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calculations [11, 49]. Although the junctions are plate-like in nature, the inaccuracy
caused by neglecting fringing fields becomes proportionally larger as plate area
reduces. This gives values for junction capacitance far smaller than are possible in
practice. In turn, estimates of T for ultra small junctions (such as those given for the
smallest junctions of table 2.1) are exaggerated. Even when the geometry of a small
device is a good approximation to parallel plates we consider it more useful to apply a
spherically based formula, if by that method fringing fields are accounted for.

Idealisations Used in Lateral Semiconductor Systems :

Note that in the above discussion semiconductor systems have been ignored. This is
because of the added complications of such systems mentioned in §2.2.2. In practice,
quantum dots in 2DEG containing a large number of free electrons are usually mod-
elled by using the formulae for the self-capacitance of a thin conducting disc. In some
cases even parallel plate approximations have been used [85]. However, it is more
difficult to define a capacitor ‘geometry’ for systems with few free electrons. As the
number of electron states changes in such a device, both the effective size of the dot

and charge distribution will vary. Therefore the results of this chapter will apply
mainly to metal-insulator-metal devices.

Idealisations for Controlled Granular Systems :

As has been noted above, two novel fabrication approaches for single electronic
devices have been developed at Glasgow. These make use of ultra high resolution
nanolithography, in an attempt to create controllable junctions with capacitances as
small as those in granular systems. They are shown in figures 2.6 - 2.8.

Consideration of these structures leads to the geometric idealisation of figure 3.2.

Ground Plane

Fig 3.2 Geometrical idealisation of experimental tunnelling devices built at
Glasgow, including that of figures 2.7 and 2.8. The diagram shows two aluminium
spheres with dielectric (aluminium oxide) shells atop an insulating substrate
backed by a ground plane. The two capacitance values of interest are indicated.
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If analytical solutions to the capacitance values of this idealisation could be found,
they would allow simple characterisation of the Glasgow devices. Solutions would
also provide capacitance estimates for other metal-insulator-metal devices where
junction size is small enough for fringing effects to dominate.

Unfortunately there is no coordinate system which will allow full solution of the
capacitances of figure 3.2, but use of bispherical coordinates does allow partial solu-
tions. Cjunction can be found if the ground plane is moved far from the spheres (the
problem simplifies to that of two lone spheres). Cground can be found if one sphere is

moved to oo, and the insulating substrate is assumed to pervade all space (the prob-
lem simplifies to that of two lone spheres, with the radius of one — ).

The rest of this chapter deals with solutions to the geometry of figure 3.2, and com-
parison between them and the formulae of table 3.1.
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3.2 Analytic Solutions

3.2.1 Spherical Conductor with Dielectric Shell [86, p. 109,316]

In a spherical coordinate system the solution to
Laplace’s equation is of form, ¢ =R(r) ©(0) ¥(y) €

where ¥ = A sinqy + B cosqy a
R=ArP +Br@+

©=APi) +B QW)
. . . . Fig 3.3 Schematic of a metal
Symmetry considerations give ¢ independent of 0, y. sphere surrounded by a dielectric

Thereforeq=p=0 shell, and sitting in a medium of
dielectric constant €,

This gives a general solution, 0=A+B/r
. . . .. =V atr=
For a sphere with no dielectric shell, applying the boundary conditions ¢o=Va r—a}
¢=0 at r=co
gives solution ¢ = ¥ .
. o0 Va .
Obtain E = —grad$ = -, 5— = e 7 (r>a) with D = gE,
r
and the charge on the sphere Q= J D.dS =4ng aV
S
(considering a Gaussian surface just outside the sphere)
Therefore the capacitance of the sphere is ~ Cgphere = % =4ng a 3.1)
The capacitance of the shell is found similarly, using conditions ¢=Vat r=a},
0=0 atr=b
to obtain Cshenn =41 &Grs_i (3.2)

To get the total capacitance, we note that E is always perpendicular to the dielectric

-1~ -1
surface through symmetry, so that C_ .\ = Csph'm3 +Cyan

Therefore,

b 1
Cow=4meet, —>— = dngea—r—  (33)
b-a(1-g,) 1-+(1-¢)
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This somewhat trivial example indicates clearly each stage in the capacitance calcu-
lation. First Laplace’s equation is separated in the coordinate system of choice. Then
symmetry considerations are used to find the simplest possible general solution.
Finally boundary conditions are invoked to solve for the potential.

Once this potential function is obtained, it can be used to find a form for the E field
at any point, and then this is used to find the charge on the conductor as a function of
conductor voltage. Hence C = Q/V.

The method can now be applied to more complex problems.

3.2.2 Two Conducting Spheres Surrounded by Dielectric Shells
Bispherical Coordinates :

In order to deal with the potential field created between two spheres, a bispherical

coordinate system is required. Figure 2.4 shows the relation between bispherical
coordinates (N,8,y) and Cartesian coordinates (X,y,z).

0 = const

=4
—>y

N = ~ =

X N--F---

N

1 = const v
(n<0)

Fig 3.4 Bispherical Coordinates. Orthogonal surfaces are spheres (n=const), ‘apple' or 'spindle’

shaped (@=const), and half planes (y=const). As 1 — oo the spheres approach the plane z=0.

0 =7/2 is a sphere centred on the origin, and y = 0 is the half plane y=0, x>0. From [87]
The coordinate system defines as 1 = const a set of spheres above and below the
z = 0 plane. Each sphere has radius r and centre at (0,0,b) in (x,y,z) coordinates,
where,

r=acschn, b = a cothm (3.4)
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with ‘a’ a constant of the coordinate system. Unfortunately it is impossible to fully
separate Laplace’s equation in bispherical coordinates, but it can be R-separated [88].
This procedure is given in Appendix B, and results in a potential,

¢ = (coshn - cos8)!/2 H(n) ©(6) ¥ (y) (3.5)

with general solutions of the form,

¥ = A sinmy + B cosmy (3.6a)
H = A e®+1/2n 4+ B e-(p+1/2n (3.6b)
O=A Pg'(cose) +B Qg‘(cose) (3.6¢)

Solution of Charge on Two Conducting Spheres with Dielectric Shells :

Figure 3.5 shows how the problem of two

conducting spheres - surrounded by di- &=8 n,
electrics of arbitrary thickness and dielec- Mo o=V
tric constant - is set up. A solution is ob- 1 0

tained by finding the potential functions ¢;

£=8&

in the three regions of differing dielectric 2a

constant €;, each region requiring a super-
position of two fields ¢i and ¢i (one to |
deal with each boundary condition). These

functions are then matched by equations
governing continuity of E and D across

dielectric boundaries.

Fig 3.5 Schematic representation of two
metal spheres surrounded by dielectric
cal coordinates, if the boundaries of the di- shells and sitting in a dielectric medium.

Note that because of the nature of bispheri-

electric shells and metal spheres are taken at constant 1 values, they will only be con-
centric as 1 — 0. This concern is dealt with in §3.3.2.

The involved algebraic manipulations required to solve this problem are set out in
detail in Appendix C. The final solution is complex and unwieldy. In essence we
obtain a value for the charge on the top conductor,

Q'P = 2 Q;°P where Q;°P is an integral function of Vg, V3
n=0

and likewise for the bottom conductor. The equation Qtop = Qbot = Q must then be
used to solve for the voltages, from which the capacitance C = Q/(Vo+V3) follows
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immediately. In practice this is algebraically difficult. In order to get a more useful
outcome it is necessary to simplify the problem, introducing more symmetries into the
mathematics in order to allow algebraic cancellation.

3.2.3 Two Equal Conducting Spheres

Firstly, the intercapacitance of two metallic spheres

is derived, as a simplification of the formulae of . Mo
Appendix C. (See figure 3.6.) 1 -V
The geometry of this problem is defined by 13=1o 22 2d

and my=m;. From the symmetry of this configuration 1 =V

it can be seen that Qbot = Qtop = Q and that

V3=V =V. Finally €3 = ¢, =¢, and without loss
of generality all these relative permeabilities can be
set to unity, taking into account the dielectric media Eigw'-’v’feqsu‘i:;]‘gs?; zg’lf:;;‘;‘rztsif’“

solely through gg.

Substituting these simplifications into equations C.32 and C.33, Q can be obtained as
a summation of terms (substituting { =n+1/2),

Qn=2meea j Pa(l) Al (coshmo-p)2 2 5 sinhmo dp + &%)
1

2nepa J Pa(u) A} (coshNo-B) 12 € coth[{(Moe-n1)] dp +
1

2neoa I Pa() Al (coshorhy 112 S eseh2LErony] X
-1 ~x2 + csch?[{2n]

27t£oa .[ Pa()A! (coshno-i)-172 § esch?[E(Mo-n1)] csch[E2ni]

—~X? + csch2[{2n,] au
where, y = coth[52M;] +. coth[{(Mo-N1)] (3.8)
and, A,‘,1 = V(n+1/2) J P () (coshmo-p)-12 dy (3.9)
-1
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this simplifies to,

1
Qn = 2nega ;[ Pp(p) A111' (coshmo-p)3/2 { %sinhno + (coshmo-) & cothl&nol }

(3.10)
From Appendix D we have equations D.14ab (formo>0),

1
j Pp(u) (coshno-p)-32 dp. = ‘O% (cosh(n+1/2)1 - sinh(n+1/2)No)
-1

1
X V2
J Pa(p) (coshno-py12 dp = —5 (cosh(n+1/2)Mp - sinh(n+1/2)Mo)

-1

where of = sinh(n¢/2) cosh(ny2) = ‘;‘ sinhn,. Substituting these into equation 3.7 it is

found that after trivial cancellation;

Qu =2nea A2 / sinh(n+172)y4 (3.11)

Furthermore, from equation 3.9 and D.14b we have,

1
Allll = V(n+12) J. Pp(l) (coshmnp-p)1/2 dp
-1

= V2V{cosh(n+1/2)1 - sinh(n+1/2)no} (3.12)

The two results immediately above solve the problem of finding the charge Q on ei-
ther one of two congruent metallic spheres knowing the potential £V on each of the
spheres. Q is merely the summation over of all n contributions Qy,.

To find the intercapacitance of such spheres, note that the potential difference be-
tween them is 2V, and employ C = Q/(2V)

c-3Q _y_22nea  V2V(cosh(n+12)ne-sinh(n+1/2)no)
n 2V " n sinh(n+1/2)ng 2V

(8]

C = ¥ 2mega { coth(n+1/2)n9-1 } (3.13)
n
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3.2.4 Conducting Sphere and Plane

We next solve the problem of the intercapacitance

of a metal sphere placed above an (infinite) metal g=1 @
0
r

plate, as shown in figure 3.7.

Geometry is now defined by M3—ec and as previ-

L =

ously, it is assumed that €3 =€y =¢€; =1, an as-
sumption which will again lead to the cancellation

of M1 and M3 from the equations. However, Qbot Fig 3.7 Schematic representation of

a metal sphere and metal surface.
and QP must be calculated separately, as the P

symmetry assumed earlier has been broken.

By substituting these simplifications into equations C.32, C.33 and C.36, and then
using equations C.19, C.21 and D.14b precisely as in the above problem;

QL"P = 4mega (Viop + Vior) { coth(n+1/2)np— 1 } (3.14)
- anol = 4mega Viop { coth(n+12)ng— 1} + 4mepa Vot { coth(n+1/2)19+ 1 }
(3.15)

The condition Q:lop = -sz is satisfied if Vpot =0 which gives,

Qn =4nepa V { coth(n+1/2)ng—1 } (3.16)

where V is the potential difference between the sphere and the plate. The resulting
capacitance is found by employing C = Q/V,

C = Y, 4nepa { coth(n+1/2)ng-1 } (3.17)
n

Note that this result can alternately be found by realising that the n—eo plane of the
above problem is at zero potential and has E field with zero 8 component. Charge and
potential values are then obtained from the above problem by the method of images
[86, p. 101].
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3.3 Comparison of Solutions

3.3.1 Spheres without Dielectric Shells

Comparison with Parallel Plate Approximations :

In order to compare the various capacitance estimates that might be made for systems
like that of figure 2.7 or 2.8, the graphs of figures 3.9 and 3.10 were calculated.
Figure 3.9 shows the intersphere capacitance versus separation for two 10nm radius
metallic dots, calculated using four estimation formulae. The solid line uses the ‘two
spheres’ formula derived above. We assume this to be the most accurate estimate,
since it most closely fits the geometry of the system (i.e it only assumes perfectly
spherical spheres with no oxide layers and ignores the substrate). The straight dashed
line is half the self capacitance of a 10nm metallic sphere, to which the ‘two spheres’
curve approaches as d — o. The other curves are given by the two parallel plate

estimates shown in figure 3.8.

2d
Cedge = TCI'2€0
2(d-1)

<« 2d=2r

Fig 3.8 Schematic representation of two methods of approximating the
capacitance between two spheres. Method one imagines two parallel discs
of identical radius to the spheres at the centre of each sphere and uses the
‘parallel plate’ formula. Method two is similar, but imagines the discs to be
as close as possible while still touching the spheres.

Figure 3.10 shows the results of figure 3.9 in different form, graphing the ratio of the

parallel plate to ‘two spheres’ estimate as a function of dot separation.

Note also that the actual separation of electrodes in a tunnelling junction is governed
by the need for a finite tunnelling resistance. A balance needs to be made between low
junction capacitance and finite tunnelling currents. The form of CiwoSpheres helps to
show this relation. Scaling the geometries of devices produced at Glasgow would
place them approximately in the area 12nm < d < 14nm on this graph (although ob-
viously the absolute capacitance values would be different).
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Half Distance between Sphere's Centers, d (nm)

Fig 3.9 Capacitance versus intersphere Distance for two 10nm radius metallic spheres in vacuuo.
The 'two spheres' solution solves the problem using a formula derived above. 'one sphere' is the
capacitance of a single isolated sphere, while ‘plate centre' and 'plate edge' are the parallel plate
capacitor approximations, Ccenre and Cegge in figure 2.8

20

15 ~ ’.’

. 7| meme—- ‘centre’' approximation
10— \ . ’ pp

A B 'edge’ approximation

Ratio of accurate capacitance result
to parallel plate approximations

T
R g

10
207

Half Distance between Sphere's Centers, d (nm)

Fig 3.10 Ratio of 'parallel plate’ Capacitance to 'two spheres' Capacitance versus intersphere Dist-
ance for two 10nm radius metallic spheres in vacuuo. The ‘centre' and ‘edge’ approx's are calculated
from the parallel plate capacitor formulae of figure 2.8 and apply to Ccentre 214 Cedge respectively.
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Results of Comparison with Parallel Plate Approximations :

It is obvious that the parallel plate formulae give capacitance values which are, in
general, at least an order of magnitude lower than the ‘two spheres’ result. This is due
to omission of fringing fields in such calculations. Even when the value for Cegge does
approach that of CiwoSpheres the ratio of the two is changing so rapidly with separa-
tion that it can not be considered a reliable approximation.

We conclude that the parallel plate approximation is not a good method for obtaining
realistic estimates of junction capacitance for proposed ultra small tunnelling junc-
tions. Indeed half the capacitance of a lone sphere in space turns out to be the best
simple approximation for d > 2r, while none of the approximations considered here

closely mirror Ciwospheres for r<d <?2r.

Considering again the Ciwospheres and Cegge curves of figure 3.9 at low values of d,
it can be seen that the curves cross at d = 11nm. This is the point at which (in paral-
lel plate type junctions) the parallel plate component of capacitance outweighs that of
fringing fields. This suggests that when the ratio of plate radius to plate separation
distance in a parallel plate capacitor exceeds =5, fringing effects can no longer be
ignored. Of course this is a broad rule-of-thumb. To give a detailed analysis of the
effect of fringing fields on capacitance values would require more detailed finite ele-

ment modelling

Comparison with other Spherically Based Approximations :

In the literature there are three spherically based geometrical idealisations explicitly
mentioned. Two [26, 46] are based on the sphere/plane formula noted in table 3.1.
This requires d/r > 100 for accuracy, being derived for calculations on large, closely
spaced grains, and is not applicable to any of the lithographically fabricated devices
being investigated at present. The other [20] is based on a treatise on granular systems
by Abeles et al. [19]. This result is actually equivalent to equation 3.13, with the
disadvantage of a far slower convergence rate. More than twice the number the
expansion terms are needed for a given accuracy, which makes it of less use for
simple hand calculations. Table 3.2 indicates the convergence rate of equation 3.13.

Half distance between Number of terms for accu-
sphere’s centres, d (nm) racy better than 1%
>50 1
17-50 2
13-17 3
12-13 4

Table 3.2 Rate of convergence of equation 3.13 for two
metal spheres of 10nm radius.
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Comparison with 2-Dimensional Finite Element Calculations :

Finally we consider how these results compare with the finite element calculations
carried out by Asen Asenov (see §3.1). These were based on 20nm radius metal hemi-
spheres fabricated on a silicon substrate, approximated by the geometry of figure 3.1.
Table 3.3 lists Cjunction» Cground and Cground/Ciunction for this model, and other ap-
proximation methods. The ratio Cground/Cjunction is found to be a critical value in the
operation of actual devices, see section §5.1.3. The ‘coaxial cable’ approximation
uses the formula for the capacitance per unit length of coaxial cable,

2n .
C = in—(b% per unit length (3.18)

(with ‘a’ and ‘b’ the radii of the inner and outer conductors respectively) to estimate
the capacitance to ground of one of the conductors. Both this and the finite element
models are two-dimensional in nature.

Approximation Method Ciunction (@F) | Cground (aF) | Cground/Cjunction
Parallel Plate/Coaxial Cable (40nm length) 0.88 9.6 10.8
Finite Element Simulation (40nm length) 32 6.0 19
Two Metal Spheres (ignoring Substrate) 1.9 23 1.2
Spheres with Substrate 12.3 27.6 2.2

Table 3.3 Summary of capacitance approximations for 20nm radius aluminium hemispheres
12nm apart on a 250nm silicon substrate. The 2-D simulation is that of figure 3.1, choosing a
wire length of 40nm (and ignoring fringing in the third dimension). The spheres calculation as-
sumes 20nm radius spheres buried half deep in the substrate. Calculations for Cground assume
that the substrate pervades all space.

From this table the importance of fringing fields can again be seen. As the number of
dimensions considered is raised (‘parallel plate’ is a 1-D solution, ‘finite element’ 2-D
and ‘spheres with substrate’ 3-D), further fringing is included. The estimations of
Cjunction and Cground in turn are raised by a factor of x3 to x4. Much of this in-
crease is due to the high permittivity of the silicon substrate. Forming metallic elec-
trodes on top of etched pillars of silicon may allow the junction capacitances to be
reduced further. A junction capacitance of 12.3 aF is equivalent to T, =75 K.

The wide discrepancy between the estimated Cground/Cjunction ratios should also be
noted. The importance of this ratio, and the need for an accurate indication of its
value is one compelling reason for the use of more sophisticated approximation
techniques.
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3.32 Spheres with Dielectric Shells

Calculation of Capacitance for Spheres with Dielectric Shells :

The geometry of the problem of two identical metal spheres surrounded by equal di-
electric shells is defined by; N3 =19 and Ny =n; with €3 =¢;. Unlike the analysis
of ‘bare metal’ spheres, it proves impossible to produce a concise simplification of
equations C.32, C.33 and C.36 under these conditions. The equations are, however,
amenable to numeric solution - and a commercial symbolic or numeric mathematics
computer package such as [89] can easily produce solutions to any required degree of
accuracy, each data point taking only a few seconds.

An example of such numerical results is show in figure 3.11. This figure graphs the
capacitance between two metallic spheres of radius 10nm, enclosed in dielectric shells
Inm thick at their thinnest point and of relative permittivity & = 10. Two other re-
sults are noted for comparison. The first is the capacitance of the spheres without the
dielectric shells (using the result of equation 3.13). The other is a hybrid result, calcu-
lating the capacitance of two metallic spheres whose radius is such that at large inter-
sphere distances their capacitance equals that of 10nm spheres with 1nm dielectric
shells. The reason for such a hybrid result is discussed below.

Complications Due to the Nature of Bispherical Coordinates :

As mentioned in §3.2.2, one problem with the nature of bispherical coordinates is that
spheres of constant 1 are only concentric as 11—0. If a dielectric shell is chosen to
have thickness of 1nm at it’s closest point to the sphere and is described by

‘i =const’ then its thickness will get steadily greater as we move away from this
point. Both the thickest and thinnest points on the shell are found on the z-axis in
figure 3.4.

The variation of these thicknesses as a function of sphere separation is shown in
figure 3.12. Here the limiting boundary points of both sphere and shell are graphed as
we keep the thinnest part of the shell at Inm. It can be seen that the problem becomes
extreme as the distance from sphere to origin becomes comparable to the radius of the
sphere itself. Under these conditions the calculations give an overestimate of the real
capacitance. Unfortunately this is the region of most interest for practical devices.

Validity of the Results :

Note that for regions where the shell is thickest the electric flux density is also the
lowest (i.e the area farthest from the second sphere). These regions will have the
smallest contribution to the final capacitance value. This suggests that the ‘sphere plus
shell’ calculations should give a close upper limit to the true capacitance, and as such
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Fig 3.11 Capacitance versus intersphere Distance for metallic spheres in vacuuo. The ‘Metal Spheres'
case is calculated from the analytic solution for spheres of 10nm radius. The case ‘with Dielectric Shell'
solves for 10nm radius spheres with a dielecric shell minimum thickness 1nm. The 'equivalent Metal
Spheres' case solves for metal spheres whose radius is such that their capacitance is equal to the 'with
Dielectric Shell' case for large intersphere distance. A relative permittivity €.=10 is assumed for the shells.
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Fig 3.12 Boundaries of a 10nm metallic sphere and dielectric shell versus the distance of the centre of
the sphere from the n—ee (i.e z=0) plane. To perform useful capacitance calculations in a bispherical
coordinate system the shell must be defined by 'm = some constant' and we require the shell to be 1nm
thick at its closest point to the N—eo plane. The form of the coordinate system forces the thickness of
the shell to vary elsewhere, reaching maximum thickness furthest from the n—ee plane. These limiting
boundaries are shown above as systems of differing distance from the n—e- plane are considered.
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a useful limit to the operating parameters of fabricated tunnelling devices. A lower
limit to junction capacitance is given by the simple metal spheres solution.

The hybrid result was chosen as an alternative estimate for very thin shells. It holds
when the dielectric shell is thin enough (or of low enough relative permittivity) that
the flux lines passing through it remain almost normal to its surface. Both the hybrid
result and ‘spheres plus shells’ calculations agree as —0. If greater accuracy at

larger m is needed, only finite element numerical results will suffice.

3.4 Summary of Resulits

Various geometric idealisations of single electronic systems have been considered.
These were used to develop simple analytic formulae for the capacitance of ultra
small tunnelling junctions. For ultra small devices, spherically based formulae have
an advantage over the more usual parallel plate approximations. This is because they
include the important contribution of fringing fields. Simple formulae (3.13, 3.17)
have been derived as excellent approximations for particular granular devices under
study at Glasgow. They are more complex than parallel plate approximations, and
require four or five terms of summation to give useful accuracy for spheres close to-
gether. However, they have the advantage of being accurate over all intersphere dis-
tances. They provide a first order estimate of physical capacitance without the need
for computationally intensive numerical work.

Extensions of these analytic formulae, of particular applicability to spheres enclosed
in dielectric shells (i.e. oxide layers), have been investigated. Intrinsic problems in the
model (due to the nature of bispherical coordinates) have been noted. However, as a
first order estimate of capacitance the results are still of value - particularly for

spheres with relatively thin shells.

Further work in this area requires the development of three-dimensional finite element
models of real systems. This will allow comparison of our analytic approximations

with more precise results, and give a better indication of their usefulness.



CHAPTER 4 THEORETICAL MODELS OF
TUNNELLING JUNCTION OPERATION

Before considering the tunnelling of single electrons through systems of junctions it is
necessary to gain a sound understanding of the models used to describe the tunnelling
of electrons through single junctions. One successful approach to modelling the ac-
tion of discrete tunnelling through capacitive junctions is due to Averin & Likharev
[29], elaborated and discussed in [8, 30, 33]. We give a brief summary of this micro-
scopic model and its resultant governing equations. We also consider extensions to
these results that look at tunnelling in an attendant electromagnetic environment -

models due to Cleland et al. [37, 90] and Nazarov [38, 91-93]. In each case we need
to know;

* a form for I'* the tunnelling rate through a junction,
« the limits of applicability of the model,

* how the single junction model extends to systems of junctions.

This will give a firm theoretical basis to the modelling tools that we shall develop to
analyse systems of such junctions.

Finally macroscopic quantum tunnelling is considered, and its implications for system
operation are discussed.

4.1 Tunnelling Junctions - Microscopic model [29]
4.1.1 Derivation of Governing Equations

The equivalent circuit of figure 4.1 is 0 -1
. . . s
studied, consisting of a current source I(t)

—

1(t) Rg Isl Ri,C A-\é 1

with associated shunt resistance Rs, in

series with a junction of tunnelling resis-

7
tance Ry, and capacitance C. l
(As Rg — e or 0 the junction can be

Fig 4.1 Single tunnel junction of capacitance C,

considered either as perfectly current or and tunnelling resistance R, with its associated
) driving circuit.
voltage biased.)

One way of writing the Hamiltonian of this system is;
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H=H1+H2+H5+HT+%+{IS—I(I)}¢ 4.1)

where Hy, Hy & Hg describe the energy of internal degrees of freedom in the junc-
tion electrodes and shunt resistance of the source. Hr is the tunnelling Hamiltonian
and Q2%/2C describes the charging energy of the junction. The final term is the inter-

action of the junction with charging current, with;
o=Iva = Joca 42)
The tunnelling Hamiltonian can be expressed in a microscopic approach, by;
Hr=H,H., H=H (4.3)

where H, is represented by a summation of creation and annihilation operators

acting over all states within the two electrodes of the junction.

H, = 2 Tkik2 CL Cs 4.4)
ki1,k2

Since these creation and annihilation operators describe the electrons in the junction
electrodes, it is possible and useful to describe the charge operator Q (used in the
final two terms of 4.1) by summations of them;

=.¢ f t
Q=- 0} %Tkl]& i S %TRI]Q Cy, Gk, [+ const (4.5)

Having specified the operators, commutation relations between them are sought.
From [94, p. 113] we obtain,

[¢.Q] =ih (4.6)

and from consideration of the microscopic results in equations 4.4 and 4.5 it is found
that, for any function f(Q),

H: f(Q) = f(Qte) Hy 4.7)

this result automatically implies that H;, Hy do not commute with Q. If, however, it
is assumed that each electrode has a large number of states, so that expected charges
have negligible effect on the internal properties of the electrode, then,

[H;2,.Ql=0 (4.8)
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is a reasonable approximation, and with equations 4.6 and 4.7 allows analysis of the
density matrix, without recourse to microscopic calculation. The condition of a large
number of available states close together is characteristic of metal electrodes, for
which this model would be expected to perform well (and indeed does, e.g [14, 27,
491]), and the tools developed below are primarily designed for such systems.
However, as mentioned in §2.2.2, the simple semi-classical theory of Coulomb block-
ade is surprisingly useful in explaining effects in conducting islands with as few as
100 electrons [4].

Further simplification of this microscopic model is possible if the quantum fluctua-
tions in junction and shunt circuit are smaller than the order of the charging energy,

ie,
h _

-1 _
Gs, Gy << R, RQ=4e2~

0 6.45 kQ (4.9

These conditions are met in the metal-insulator-metal fabrication approach by careful
control of metal oxide layer growth in the fabrication process, and careful design of
the physical circuit used to drive the junction (for instance by driving through high
impedance thin film leads [36, 37]).

This simplification leads to the description of the model as ‘semi-classical’. Under
these conditions the density matrix diagonalises, and the time evolution of charge in
figure 4.1 can be described by a classical probability density 6(Q,t), governed by;

0 0
S=-10 £+FT+FS (4.102)

Fr(Q) = T*(Q-e)a(Q-e) + I'"(Q+e)o(Q+e) - [I*(Q) + I'(QJo(Q)  (4.10b)

Gs d dc

Fs= T a_d (CkgT E +0Q) (4.10c)

an extension of the Fokker-Plank equation of the system [95] including a tunnelling
term.

The tunnelling rate of electrons changing the initial junction charge Q (assuming in
this instance a voltage biased junction), is given by,

1
AE* AE*
I'+Q) = e—zi [1 —exp(- kB—T)] (4.11)

where AE? is the change of free energy of the circuit due to the tunnelling event. In

this case,
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AEi=% (£+Q) 4.12)

o

Figure 4.2 shows graphically how

equations 4.10 and 4.11 apply to a ° +(i
ingl ing junction. Fi —
single tunnelling junction. First, ﬂ =
1 | | . -
assume that no current flows in the -y 0 Q2" Q Q
external circuit, and there exists a Fig 4.2 Graphical representation of probability
nominal charge, Q,, on the junction density o in charge space, and its relation to actual

o . . charge on the electrodes of a tunnelling junction.
electrodes. The probability distribu- & £

tion in o is then centred on Q,,

with spread dependant on the thermal fluctuations of the circuit at T # 0. As current
flows, the nominal charge increases and the distribution drifts towards Q =e/2. In
absence of tunnelling the charge would increase until capacitor breakdown, and the
probability distribution would move with constant velocity in the +Q direction.
However, when tunnelling becomes energetically advantageous at e/2 the distribu-
tion collapses, reforming at —e/2 as a tunnelling event shifts the charge distribution
by e. The process then continues as the probability distribution again drifts towards
Q =e/2. Likharev [8] has coined the term ‘dripping tap’ as an analogy of this pro-
cess. It allows a clear understanding of the production of SET oscillations in current
biased devices. It also shows how Coulomb blockade occurs. An applied voltage of
less than e/2C cannot shift the charge distribution far enough to allow tunnelling (i.e
no part of the distribution is in the regime Q > e/2), unless thermal broadening of the
distribution occurs.

Note the further simplification to equation 4.11 which occurs as T — 0;

AE:t
Q=g AE>0 } (4.13)

Q=0 AE<0

Although of limited use in predicting the action of real physical circuits at finite tem-
perature, the formula does predict the ‘best possible operating conditions’ of a system.
It is the foundation of the critical charge concept discussed below in connection with
the linear programming method. At finite T, equations 4.11 and 4.12 show the effect
on electron transport through a junction decreasing exponentially as the temperature
falls below a critical value kgT, <€%/2C. In practical systems temperatures some
thirty times lower than the critical temperature were found to give results obeying
equation 4.13 to good approximation (see §6.1.1)
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4.1.2 Systems of Tunnelling Junctions

All the above results apply to a single biased junction. Extension to a system of N
junctions is accomplished by considering the change in the free energy of a system,
rather than that of a single junction. The free energy of a general system of N junc-
tions can be written as E(ny,...,n,...,nN), where ny is the net number of electrons
which have tunnelled through the kth junction. From the quantum golden rule, the the
rate of event ny — nitl can be written as,

2
= zf IHr £y (B [1-f(E7)
1,
X 8{ [E(ny,...,ng,...,nN)+E;{] — [E(ny,...,nxt1,.. -anN)*‘Ef]} (4.14)

where E;¢ are the energies of the internal degrees of freedom of the initial and final
states of the system and f(E) is the Fermi function. A similar form of equation de-
scribes the current 1 in this kth junction biased with voltage V, as given by standard
tunnelling theory [96].

I(V) = V) - I(V), (4.15)
V) =e zh—“ }; \Hn B, £(B) [1-f(Eg] 8{E; + teV-E{} (4.16)

and combining these gives the required result,
AE; = E(ny,..,i,-..,0N) — By, L., 0N) (4.17)

This is an important result for systems of junctions, and agrees with the directly anal-
ysed single junction formulae of equation 4.11 under the limits of equation 4.9 [8]. It
means that in multi-junction systems obeying equation 4.9 a good approximation to
any tunnelling rate can be obtained by calculating the free energy for the system be-
fore and after that event occurs. This free energy is easy to calculate as only the junc-
tion capacitances need be considered. Equation 4.17 will be used in all the systems
modelling discussed below.
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4.2 Tunnelling Junctions - Quantum Lengevin Equation [37, 90]

The two first order effects that ‘smear’ the Coulomb blockade in tunnel junctions are
quantum fluctuations due to temperature (thermal fluctuations) and the dissipative
effect of an imperfectly biased environment. (In the remainder of this chapter, such
dissipative fluctuations will be implied when quantum fluctuations are referred to.)
Temperature is taken into account in equation 4.11, but the dissipative environment is
specifically ignored through application of the limits of equation 4.9. There has been
extensive experimental study of dissipation [48, 59, 92]. Two general approaches to
including these effects within tunnelling probability theory will be considered. The
first of these is a heuristic approach making use of the quantum Lengevin equation.

4.2.1 Derivation of Governing Equations

Consider the external equivalent L, Vi R.

circuit of figure 4.3, with inductance -—-@—@—W\,—

L., resistance R, capacitance Cg

and a source of noise Vj to repre- c
sent the quantum fluctuations. The
spectral distribution of this voltage Fig 4.3 Single tunnel junction of capacitance C, and

tunnelling resistance R, with lumped description of
electromagnetic environment (L.,R.,C.) and source

Nyquist formula [97, 98]. of quantum fluctuations V,,.

noise is given by the Johnson-

hoRc

Sv(w) = coth(hw/2kgT) (4.18)

We wish to calculate the spread of the fluctuation q(t) of the junction charge Q
caused by V, so that the equation 4.11 can be modified to take quantum fluctuations

into account. For the equivalent circuit of 4.3, the charge fluctuations are linked to the
voltage noise fluctuations by the circuit equation,

d%q aq 1

Le ot2 * ot * Crotal

q = Va() (4.19)

Fourier transforming this equation will give Sq(®), the spectral density of the charge
fluctuations in terms of Sy(®). Then a measure of the spread of q(t), the mean square

<q2(t)>, is given by

<q2(t)> = J. Sq(w) 0w (4.20)
0
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Finally a new effective tunnelling rate <I't(Q)> can be approximated by convolving
equation 4.11, the tunnelling rate without fluctuations, with the probability P(q) of a
given magnitude of fluctuation. P(q) can be simply taken as a Gaussian distribution

centred on q with a spread of <q2>.

This procedure can be performed analytically to give (at T=0 for simplicity)

AE* AEXC 1 AE£2 C2
P 2 _—
<[t = 2R, erfc L :] + &RC \/ <q*>/2n exp[ 2e2<q7->} 4.21)

V2<g?>

with AE* = % ( %i Q) for a single junction as before.

4.2.2 Comparison of Thermal and ‘Quantum’ Fluctuation Effects

Figures 4.4 and 4.5 graph the rate of electron tunnelling through a single junction
against the average applied charge (graphs proportional to the IV characteristics of the
junctions for voltage bias). They compare smearing produced by thermal fluctuations
as calculated from the Averin model, with that of quantum fluctuations as described
by the Lengevin equation extension. They indicate that temperatures T < T¢/10 and
charge fluctuations <q2> < e2/100 are required if such fluctuations are to be consid-
ered negligible. As expected, the graphs also show that the effect of quantum fluctua-
tions is to produce an overall result similar to that of temperature fluctuations. This is
useful in practice for system analysis, as it implies that both types of fluctuation could
be included as a crude ‘effective temperature’ under the simple Averin model once
circuit parameters are known, instead of using the Lengevin equation in its more com-

plex, T#0, form.

In order to fully characterise this model the link between <q2> and the circuit pa-
rameters L., C. and R, must be specified. Setting oc =R,V C/L, and considering

the transform of equation 4.19 and the integration of equation 4.20 under the simp-
lifying assumptions that C. >> C (i.e neglecting stray capacitances) and ho << kgT

(i.e the low temperature limit), we obtain for o <2,

ho 2.
<q®>=— L -g— - Arctan |22 J (4.22)
TRe 4-02 o\ 4-02

and for o> 2,
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Fig 4.4 Normalised tunnelling rate I" of electrons through a junction versus
charge Q/e, for the 'standard’ simple microscopic model. The solid line is the
tunnelling rate at zero temperature. The dashed lines are modelled for temperatures
T/Tcritical = 0.1, 0.2, 0.5. Teritical = €2/ 2kgC
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Fig4.5 Nor.malised tunnelling rate I" of electrons through a junction versus charge
Q/e, as predicted by the quantum Langevin model for zero temperature. The solid
line is the tunnelling rate in absence of fluctuations. The dashed lines are modelled
for values of <g2> = 0.01, 0.1, 0.5. <q2> is the spread of the distribution
describing the probability of a charge fluctuation q on the junction, which in the
'standard’ theory is assumed to be a & function.
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In general <q2> is kept to a minimum in the limit of large R¢. (Under these condi-
tions <q2> is logarithmically dependant on L. which therefore has relatively little
effect on the smearing of the Coulomb blockade.) This agrees with the general results
of other theoretical calculations [38, 92, 93] and experimental work [48, 59]. Indeed
although the difficulty in calculating the circuit parameters L., C. and R; in nano-
electronic experimental circuits makes it difficult to make detailed checks on the ac-

<> = (4.23)

curacy of this heuristic model, it agrees in form to experimental results even in the
low temperature limit [90].

4.3 Tunnelling Junctions - Phase-Correlation Theory [91-93, 99]

The second approach to including the effect of fluctuations of the external environ-
ment on the action of a tunnelling junction is that of the phase-correlation theory. As
opposed to the Lengevin equation approach, which takes the results of the basic mi-
croscopic model and adds a source of noise to account for the quantum fluctuations of
junction and environment, this method attempts to consider both the junction capaci-

tance and external environment as a quantum system, perturbed by the tunnelling
events through the junction.

4.3.1 Derivation of Governing Equations

Initially consider the equivalent circuit of figure

4.6. Instead of the charging terms of the

Hamiltonian in equation 4.1 of the simple micro-
scopic model (the Q%/2C and {Is-1(t)}¢ terms) v RiC S
we now have,

Q2 h2 Fig 4.6 Equivalent circuit for a
H. = >~ +——¢2-0V 4.24 voltage biased tunnel junction in
€7 2C " 2eL =-Q (4.24) series with an inductor, L.

taking into account the effect of changes of energy in the whole system. Using the
same conditions for R; as in equation 4.9, Devoret et al. [92] obtain a total tunnelling
rate for the system by the same approach as above,
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— [1-f(E)If(E) P(E-E-eV) } (4.25)

where f(E) is the Fermi function as before. The function P(E) is the probability that
the tunnelling electron can create an excitation of energy E in the external circuit.
This is important as the ability of an electron to induce such an excitation is critical to
the formation of the Coulomb blockade effect. For instance, as the impedance of the
environment increases, P(E) approaches a §(E) function in form, and the probabil-
ity that the electron can exchange energy with its environment approaches zero. (Or at
least only very low frequency modes of the system will be excited and tunnelling will
thus be highly inelastic.) The junction becomes isolated from the environment and
strong blockade effects occur.

In general,
L T e,
P(E)= — Jdt exp[ J(t) +iEt/h ] (4.26)
2nh
with, (1) = < [6(1)-4(0)] $(0) > (4.27)

where ¢(t) is given by equation 4.2 with definite integral from [-oo,t]. J(t) is the
equilibrium phase correlation function.
For the circuit of figure 4.4,

e2

J(t) =
® heor

c { coth(%) [cos(wy t)-1] — i sin(®t) } (4.28)

where @ = 1//LC is the frequency of the resonant mode created by the L,C
components of the circuit.

This result for J(t) also indicates how the theory for an ‘LC’ equivalent circuit can
be extended to account for any general environment Z(w) say. Z(®) can be treated
as an infinite number of LC oscillators [100], and the Hamiltonian of equation 4.24
replaced by an infinite number of terms each applying to one of these oscillators, to
give a general form of J(t),

400
I(t) = J%_o ﬁ%@l {coth(z?(i)rr) [cos(mt)-1] —1i sin((ot)} 4.29)
0
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where the total impedance Zit(®) combines the external impedance with the capaci-
tance of the tunnelling junction,

Zol® = 1 710 (430

A final simplification to the problem, now completely characterised via equations
4.25, 4.26, 4.29 and 4.30, can be made by eliminating the Fermi functions and
combining the P(E) functions of equation 4.25 to give,

] — e-eV/kgT
T AT P(eV-E) 4.31)

1 —elks

+o0
1
I"(V)=ez—Rt JdEE

Comparison with Experiment and Quantum Lengevin Theory :

This set of equations is found to give good agreement with experimental results [90],
particularly at high currents. However as with the Lengevin equation approach it is
difficult to physically estimate the experimental impedance accurately enough for
detailed comparison. As expected from equations attempting to describe quantum
fluctuations due to the electromagnetic environment, a smearing of the blockade is
predicted for low external impedances.This is in approximate agreement with the re-
sults calculated from the heuristic Lengevin approach shown in figure 4.5.

432 Systems of Tunnelling Junctions

Modification of the Governing Equations for Multiple Junctions :

Due to the more fundamental nature of this approach, it is possible to confidently ex-
tend the theory from single junctions in an electromagnetic environment to systems of
junctions and impedances [38, 101]. In such a system the potential map is completely
described by the applied voltages and number of excess charges on internal electrodes
which will only change (by units of ne, n=integer) through tunnelling. Thus ex-
pressions for the tunnelling rates of each of the junctions of the system can be ob-
tained by using the same approach as outlined immediately above. The only change
that need be made to equations 4.26, 4.29, 4.30 and 4.31 is that instead of Z, () be-
ing the summation of the junction capacitance and external impedance Z(w), it is
now the summation of the junction capacitance and the Thévenin equivalent imped-
ance of the rest of the circuit. L.e the formulae are modified by the capacitance values
of the other junctions.

This is similar to the result for systems in the simple microscopic model (equation
4.17) obtained from the quantum Golden Rule. Here the tunnelling rate for any junc-
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tion is obtained from a calculation of the free energy of the system before and after
tunnelling. The change in free energy is then applied to equation 4.11 to find the tun-
nelling rate. Such a free energy can be calculated in a capacitive system by calculat-
ing a Thévenin equivalent capacitance from the other junctions and capacitances, and

indeed this is the method we use in our general network solver below.

Limits of the Theory :
Indeed, in the limit where the relaxation time of the electromagnetic environment is

much smaller than the time between subsequent tunnelling events, i.e,
R; >> R(Zi(w)) for ho <eV; 4.32)

there will exist no quantum mechanical correlations between events. The procedure
noted immediately above can then be extended to networks with an associated elec-
tromagnetic environment. Note that in the above equation, R; is the tunnelling resis-
tance for junction i, Z; is the Thévenin impedance of the circuit excluding junction i
(treating other tunnelling junctions simply as capacitances), and Vi is the potential
difference across junction i before tunnelling. Also note that this treatment still

assumes R; >>Rq (see equation 4.9).

Practical Application of the Theory :

Although consideration of the phase correlation theory leads to this useful result for
systems, the equations that allow calculation of tunnelling rates are impractical for
use in Monte Carlo modelling. At least two integrations must needs be performed
[38]. Foran N junction system, 2N such calculations must be completed to obtain
the probabilities required to make a decision on which tunnelling event should be
allowed to occur next in the Monte Carlo process. Although the algorithm that is used
to calculate the potential map of a system is essentially an N2 process, the overhead
of double integration would be enough to make calculation of tunnelling rates from
this potential map the critical time constraint in all but the largest modelled systems.

4.4 Summary of Tunnelling Junction Theories

All the Monte Carlo modelling described in this report is calculated using the simple
microscopic model of equation 4.11 of §4.1, i.e,

1
AE* AE*
Q= &R, [1 —exp(- kB_T)] (4.11)

- 56—



The linear programming models are based on the T — 0 equivalent of this equation,
equation 4.13. These governing equations were used on grounds of calculation speed
and simplicity, while still accounting for thermal fluctuations at the junction. The
model holds true under conditions that assume no quantum fluctuations due to an
electromagnetic environment (i.e systems can be assumed to consist only of capaci-
tances and voltage sources), and where the tunnelling resistances are far greater than
the quantum resistance (equation 4.9). The theory extends in simple fashion to sys-
tems of junctions.

For more accurate and detailed modelling of systems that obey the limits of equation
4.32, the phase correlation theory of §4.3 was developed. Here equation 4.31 is used
as the tunnelling rate equation, with values of P(E) obtained by performing the inte-
grations of equations 4.26 and 4.29. Experimentally this theory is found to account
well for the effects of a tunnelling junction in an electromagnetic environment. Under
the condition that the relaxation time for such an environment (consisting of the
Thévenin equivalent circuit of the junction - other junctions being considered only as
capacitances) is much smaller than the time between tunnelling events, it allows the
simple extension of the theory of one junction to systems of junctions.
Unfortunately, performing the two integrations for each tunnelling probability in a
Monte Carlo loop is computationally expensive. This could be eased by pre-calculat-
ing tunnelling rates, based on an appropriate spread of impedance and energy, into a
look-up table. From this, tunnelling rates could be interpolated during the Monte
Carlo loop. Although such a method is feasible, it would require extensive recoding
of present computer algorithms based on the elementary microscopic model.

Two approximations to the phase correlation theory are available, involving less
computational expense.

The first is to use an approach based on the quantum Lengevin equation theory of
§4.2. Here quantum fluctuations are introduced to the system heuristically. Equation
4.21 is used as the tunnelling rate equation, with values for <q2> obtained from
equations 4.22 and 4.23. Under the limits of equation 4.32 this method is extended to
systems of junctions in similar fashion to the full phase-correlation theory. The ap-
proach agrees well with experiment and could be easily substituted into computer
algorithms based on the microscopic model.

Finally, for crude estimation, the quantum fluctuations of the system may be assumed
to raise its effective temperature. The simple microscopic model is used, with some
phenomenological increase in the thermal effects.
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4.5 Higher Order Processes / Macroscopic Quantum Tunnelling [13, 102]

There are a number of processes that may modify the operation of a system of tun-
nelling junctions from the action governed by the simple theory laid out in §4.1.1.
Some may be associated with particular fabrication approaches. These include the
trapping/detrapping of charge in semiconductor systems that can upset the electro-
static profile of a device by spuriously gating junction electrodes. Other processes
may be general to all fabrication systems, such as the effects of thermal or quantum
fluctuations discussed above. Macroscopic quantum tunnelling (MQT) is the result of
quantum fluctuations in the junction and its environment, and an effect of peculiar
relevance to systems of tunnelling junctions.

451 Macroscopic Quantum Tunnelling in a Single Junction

Figure 4.7 shows schematically the three major forms of tunnelling event which may
occur in a single tunnelling junction. Each shows the energy diagram for such a junc-
tion, with E = q%2C. Diagram a) describes the Coulomb blockade. At zero tem-
perature, and without the presence of other quantum fluctuations, tunnelling only
becomes energetically advantageous at E > e2/2C. Diagram b) describes tunnelling
in the presence of fluctuations. Thermal fluctuations may allow the electron to gain
enough energy to overcome the barrier in charge space. However it is also possible
for the junction charge variable to ‘tunnel’ through the barrier, due to quantum
fluctuations of the junction. Such tunnelling of the charge variable, simultaneous to
the tunnelling of the electron position variable through the junction potential barrier,
is referred to as Charge Macroscopic Quantum Tunnelling (Q-MQT or MQT).

4 V/(e/C) A Vi(e/C)
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a) tunnelling in absence of fluctuations b) tunnelling processes involving fluctuations

Fig 4.7 Energy diagrams of possible tunnelling processes in a single junction. Potential is graphed ag-
ainst junction charge. (a) shows that without the presence of fluctuations, tunnelling only occurs when
V > e/2C, each event reducing junction charge by e. (b) shows the two additional tunnelling processes
which are the result of fluctuations in the system. The graph is extended to show potential minima for
the n-1, n, n+1... events. Energy (thermal) fluctuations can give an electron V > e/2C, raising it over
the potential barrier in charge space. Quantum fluctuations in the charge variable (q-MQT) can allow an
electron to tunnel through both the physical potential barrier and the potential barrier in charge space.
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The result of such tunnelling events is to allow a small current to flow through a tun-
nelling junction below the Coulomb blockade, even as T — 0. Calculation of this
current has been made by Babikir [103]. He analyses leakage of the charge variable
from the first energy level in the metastable state of fig 4.7b, in the absence of

dissipation.

Macroscopic Quantum Tunnelling and Cotunnelling :

Of greater importance for this work are the effects that may arise as MQT processes
occur in systems of tunnelling junctions.

In one tunnelling junction it is unlikely that most charge fluctuations will lead to an
energetically advantageous state, and so its effects are minimal. In a system of junc-
tions, several fluctuation events may occur simultaneously. This can take the system
to an otherwise unavailable energetically advantageous state, via a set of intermediate
virtual states. The simplest example of this occurs in the double junction. Often the
requirement of integer charge on the central electrode of such a system, disbars tun-
nelling events. Through MQT events, an electron can effectively tunnel through both
junctions at once via an intermediate virtual state (the double junction will be dis-
cussed in detail in §4.5.1). This leakage can occur even as T — 0, within the classi-
cal Coulomb blockade regime. It is dependant only on the initial and final states of the
system, and on the number of possible virtual states available.

Often g-MQT in a single junction, and the effect of multiple tunnelling events de-
scribed above, are both termed Macroscopic Quantum Tunnelling. We shall follow
this convention. However, multiple tunnelling through virtual states is really a sepa-
rate process based on g-MQT. The term cotunnelling has been coined in the literature

to differentiate the two.

4.5.2 Macroscopic Quantum Tunnelling in Double Junctions

Figure 4.8 shows schematically the process of macroscopic quantum tunnelling in a
two junction device. It can be seen that there are two types of processes that can oc-
cur, termed elastic and inelastic MQT, both of which involve an electron tunnelling

through two junctions via an intermediate virtual state in the centre electrode.

Elastic and Inelastic Macroscopic Quantum Tunnelling :

Consider first the inelastic case. Here it is assumed that coherence between the wave
functions of the electrons in the two junction barriers can be neglected - i.e electrons
are assumed to tunnel independently. The combined result is an electron-hole excita-
tion formed in the electrode (the term inelastic is coined because of this excitation,
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and has nothing to do with scattering processes in the barriers). Energy conservation
requires that the absolute energies of the initial and final electron states are equal.

a) inelastic tunnelling b) elastic tunnelling

Ik

iy

o

eV eV

Fig 4.8 Schematic of the potential structure of a double junction array connected by a small electrode,
illustrating the simplest cases of both inelastic and elastic macroscopic quantum tunnelling (MQT). In
the inelastic case the ‘composite electron’ is made up of separate tunnelling events leaving an
electron-hole excitation at the electrode. In the elastic case the same electron may take part in both
events, no excitation being formed. In both cases, the energies of each state, relative to the chemical
potential of its electrode, must sum to eV to allow energy conservation. Adapted from [40].

This is equivalent to requiring that the energy levels of initial, final and intermediate
states (w.r.t electrode Fermi levels) sum to eV [40]. The magnitude of the tunnelling
current due to MQT is obtained by summing over all of the possible conduction paths
- i.e the possible initial, final and intermediate energy levels.

In elastic MQT, the assumption is that the electron wavefunctions are coherent. This
implies that one electron tunnels through both barriers, passing through a virtual state
in the central electrode (represented in figure 4.8b). Transition paths must be chosen
by the stricter rule, that the two intermediate states must be at the same energy level.

This argument implies that inelastic processes should dominate over elastic MQT,
whose conditions are more strict. Domination will be especially pronounced where
there is a high density of states in the central electrode - i.e where the state separation
A << E¢, with Ec the characteristic charging energy of the system. If however the
states in the central electrode are well spaced in energy (for instance in a semicon-
ductor fabrication approach, or with ultra small metallic electrodes) both elastic and
inelastic MQT may become comparable, or elastic MQT may dominate.

Calculation of Tunnelling Currents due to Elastic and Inelastic MQT :

Specific analysis of tunnelling currents due to both types of MQT has been performed
by Averin et al. [13, 102] on the double junction. This extends the simple microscopic
formalism of §4.1.1, considering terms until fourth order in the tunnelling
Hamiltonian (each MQT event in such a system consists of two correlated tunnelling
events, and fourth order in Hr is the second non-vanishing order). For low voltage
and temperature - the only conditions under which MQT is liable to be an important
contribution to the tunnelling current - they obtain,
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The specific voltage and temperature conditions are; eV << E;, kpT << E;, with E;
the lowest of the charging energies of the two junctions,

e e e e
Bizgr G+ V0) E=gig (5-Q-vai) (4.34)
Q. again representing the fractional gating charge on the central electrode.

In general, elastic MQT is dependant on the precise geometry of the electrode in
which tunnelling takes place. However, there are two limits in which geometry can be
ignored. Firstly, when the dimensions of the electrode are greater than the bulk mean
free path of an electron in the electrode material, and the characteristic tunnelling time
WEc is greater than the classical diffusion time through the electrode L%/D, (L is

the length scale of the electrode and D the electron diffusion coefficient). Under
these conditions,

-1 (L)
Ielasuc = 4ﬂ62R1R2 E1+E2 v (4-35)

(R; the tunnelling resistance of junction i, and A the state separation in the central
electrode.)

The second limit is where the dimension of the electrode is less than the bulk mean
free path of an electron in the electrode material, but where the surface scattering is
considered diffusive and E¢ << tivg/L. This condition on the Fermi velocity vg
again asks that the allowed tunnelling time WEc is greater than the expected time for

the electron to cross the electrode, L/vg). Under these conditions Iejasic is again
given by equation 4.35.

Note that equations 4.33 and 4.35 show a linear dependence of Ijasic On V, while
Tinetastic °«< V3. Under most circumstances where MQT is not swamped by thermal
fluctuations in the classical blockade region, Ijpejastic Will dominate. However when,

1 ({1 1
3 (E—l + E—Z) ((eV)2 + 2rkgT)?) < A (4.36)
Lelastic may be larger. This occurs for small electrodes (giving larger A) at very low

voltages. Both inelastic and elastic MQT have been observed [39, 40], with good
agreement between experimental measurement and theory.
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Application to Devices Fabricated at Glasgow :

The conditions implying equation 4.35 are the ones most likely to apply to structures
fabricated at Glasgow. As an indication of the orders of magnitude involved, consider
20nm Aluminium spheres spaced 12nm apart on a Silicon substrate. A capacitance of
12.3 aF is obtained, giving Ec = 13 meV. A Fermi velocity of the order of 1016 ms-!
[40] gives hve/LL =0.3 GeV at 4.2K, atemperature at which the mean free electron
path in bulk Aluminium is 17.5 pm [104]. This mean free path is much larger than

the device size. Therefore equation 4.35 is appropriate, if diffusive surface scattering
in the electrode can be assumed.

4.5.3 Macroscopic Quantum Tunnelling in Extended Systems
MQT in Tunnelling Junction Arrays :

The most important extended system in single electronic logic is the tunnelling
junction array. Ungated, such arrays act as single electron transmission lines. Gated
electrodes in arrays allow control of the movement of electrons. Tunnelling junction
arrays will be considered in detail in §5.1.

Specific analyses of MQT in such systems have been made [13]. However, equations
4.33 and 4.35 make clear the most important point - that the rate of tunnelling for
both elastic and inelastic MQT is inversely proportional to the product of the junction

impedances. For nominal junction impedance R;, the MQT rate in an array with i
junctions decreases as (Ry).

This result clearly has very important consequences for the design of tunnelling junc-
tion arrays, and has been verified by experiment [39, 50]. To fulfil the conditions of
R >>Rq tunnelling resistances greater than R¢=1MQ are common in practice. For
such resistances in tunnelling junctions of C = 100 aF the double junction effectively
presents a resistance to the circuit of < 1013 Q. A quadruple junction array gives an
effective resistance of > 1017 Q. Obviously increasing the number of junctions in an
array has a marked effect on the magnitude of the MQT current in any system.

Implications for General Systems :

Macroscopic quantum tunnelling, therefore, although acting as a serious perturbation
to the operation of tunnelling junction systems, can be counteracted by the use of
multiple junction arrays as buffers to block its effects. This means that in practical
systems a trade off between operational speed and system accuracy must be made.
The necessity of such buffer arrays again implies systems that will be extended and
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complex in nature, relying for operation on cooperative effects between sets of junc-
tions. This adds weight to the need for tools to investigate such extended systems.

As an aside, we note that detailed analysis of macroscopic quantum tunnelling in a
dissipative environment shows a strong suppression of MQT due to electromagnetic
fluctuations in the external system.

Specifically, Odintsov et al. [105] predict inelastic MQT in a double junction system

at zero temperature, that obeys,

I oc V3422, z = (4.37)

Re?
h
where R is the total resistance of the high impedance leads feeding the double junc-
tion. Equation 4.37 holds for voltages inside the Coulomb blockade region, and where
V <<hQ,/e (€2, is the characteristic frequency of the environment). The constant of
proportionality is 3/( 81(2z+4) ) times that of equation 4.33.
It is suggested that driving a single-electron turnstile through high impedance leads
will provide greater device reliability at the cost of a larger RC time constant. This
would allow the formation of more accurate single-electron electrometers. However,
as already noted in §1.3.1, the physical size of such high impedance leads makes this
method of reducing MQT unattractive for more highly integrated systems.
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CHAPTER 5 DEVELOPMENT OF SIMULATION
TOOLS FOR SINGLE
ELECTRONIC SYSTEMS

There have been two important initial developments in the technology of single elec-
tronic systems. First is the demonstration and analysis of tunnelling junction arrays as
single electron transmission lines [11, 12, 49, 106-108]. Second is the fabrication of
gated turnstiling devices through which electrons may be pumped in a synchronous
and controlled fashion [9, 10, 57, 63, 109]. Such small scale systems are of intrinsic
interest, but in §2.3.2 it is noted that they may also act as sub-units of complex single
electronic systems with attractive operating characteristics [81]. However under all
present fabrication approaches, the required ultra-small tunnelling junctions are
obtained at the cost of strong capacitive coupling between circuit components. Even
excluding other possible killer effects (such as thermal and quantum fluctuations,
macroscopic quantum tunnelling and charge trapping/de-trapping), the effects of
capacitive coupling on extended systems will require the development of new tools
for design and analysis [61].

In this chapter we consider the simplest small systems (the tunnelling junction array
and gated turnstiling device mentioned above), and using the experience gained in
their analysis, develop and generalise important modelling tools.

We describe a model of a tunnelling junction array system developed by Bakhavlov
[12, 106] and based on the microscopic model laid out in §4.1.1. Both an analytic ap-
proach and Monte Carlo modelling routine are used to characterise the operation of
the array. Concepts of use in characterising general tunnelling junction systems are
emphasised. The models are extended to consider arrays whose component values
vary along their length.

Gated turnstile devices are modelled with a Monte Carlo routine using a bespoke
analysis of the turnstile equivalent circuit. In considering analytical methods of
describing turnstile operation, a linear programming model is introduced, which is
used to calculate device stability in control parameter space.

Finally, these basic tools are further extended to deal with general capacitive net-
works. The relative advantages & disadvantages of each tool are discussed.



5.1 Development through Analysis of Tunnelling Junction Arrays

The use of tunnelling junction arrays as a first step in building models and tools for
complex single electronic systems is discussed. Equivalent circuit equations which
govern such arrays are developed, and an analytic approach to their operation de-
scribed. This approach is due to Bakhvalov ez al. [12]. It is based on conditions allow-
ing the formation in the arrays of charge solitons. Bakhvalov’s simple Monte Carlo
modelling approach is extended to systems in which component values (junction and
grounding capacitances) vary throughout the array. From this analysis, we consider
principles which will be of use in developing a general solver of single electronic
systems.

Specific modelling results from the tools developed here are considered in Chapter 6.

5.1.1 Reasons For Studying Tunnelling Junction Arrays

The motivation for initially studying tunnelling junction arrays is broadly threefold.
First, such arrays are the simplest structures to construct for a wide range of fabrica-
tion techniques. They are particularly simple for those lithographic techniques that
seem to hold the most promise for the controlled fabrication of large systems of such
junctions. Arrays have been specifically constructed using for instance the hanging
resist vertical MIM method [11, 48, 49] and with ultra-small Schottky dots on semi-
conductor substrates [60]. Results of theoretical array analysis can therefore be easily
compared with experimental data. Such arrays may also act as first order approxima-
tions of granular systems [20-22] and the ‘squeezed wire’ systems of laterally pat-
terned 2-dimensional electron gases in semiconductor heterostructures {55, 68, 110,
111]. Simple methods of array characterisation would then aid in the modelling of
such systems.

Secondly, multiple junction arrays are the first step up in complexity from single
junctions. They should therefore be the simplest systems to analyse, both in them-
selves and as a route to gaining the experience and techniques necessary to success-
fully analyse more complex systems. Simple models would also be invaluable in
testing general tools for more complex systems.

Finally, cooperative effects in multiple junction arrays suggest [106] that they act
analogously to controlled transmission lines (or shift registers) for single electrons.
As such they would be important components in any extended single electronic
system.
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5.1.2 Equivalent Circuit Model

V,

]
Co(N-l)I

Fig 5.1 Equivalent circuit diagram of an array of tunnelling junctions,
including strays to ground and biasing voltage sources.

Consider the equivalent circuit of a tunnelling junction array, figure 5.1. It consists of
a series of tunnelling junctions 1,...i,...N each of capacitance C;. These are con-
nected by electrodes 1,...i,...N-1 at potential ¢;, and coupled to the ground plane
via capacitances C,;. The array is voltage biased by an offset from ground U, and a
differential voltage across the array V, sothat V_=U-V/2 and V,=U+ V/2.
This means ¢p=V_ and ¢n=V,.

By the theory summarised in equation 4.17, the electron tunnelling rate through any
junction of the array is a function (equation 4.11) of the change in the free energy of
the system caused by such tunnelling events. The full expression for the free energy
of the circuit of figure 5.1 is;

Gy N c.
E= ~ - o2+ ,_17‘ ¢i-¢.)2 - V,Q, - VQ. (5.1)
where,
Q. =Cn(OnOn) +em,,  Q =C(9o¢)) —em (52)

m, and m_ being the number of electrons passing through the left and right hand
junctions of the array respectively. This formula is needed in its entirety to model
arrays whose capacitance parameters vary. However if all the junction and grounding
capacitances are taken as equal, i.e Co;=C, & C;=C then equation 5.1 simplifies
to;

¢ ' ,
AET = 7 (@ + 0~ iy — O'is1) (5.3)
(and similarly for AE.) where AE:' is the change in free energy of the system due to

a tunnelling event across the ith junction and ¢; and ¢'; are the potentials of the ith
electrode before and after the tunnelling event occurs.
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In order to characterise the system so that equations 5.1 and 5.3 can be used, it is
necessary to obtain the values for all ¢;. For an array of junctions with identical

capacitances, as noted above, the formula;
“Cidiy + (Ci+Ci #Co)0; - Ciy 0541 = €1y (5.4)

( n; being the number of excess electrons at electrode i, giving en; as the excess
charge on this electrode) can be used to form a system of N-1 linear equations in
N+1 unknown potentials. To this system of equations is added ¢o= V- and

oN = V,, allowing exact solution of the problem for all ¢;. (It should be noted that a
more accurate form of equation 5.4 would replace en; with en;+Q;, where Q; is a
fractional charge caused by the presence of trapped charge in the dielectric medium of
the junction or differences in the electrode materials [25].) In many practical systems
it may be assumed that Q; is negligible [112] and we shall follow this assumption.
However this will not always the case; consider for instance the fluctuations due to
the random positioning of dopants in 2-dimensional electron gas structures in semi-
conductor heterostructure systems [72], systems which are currently under active
study [64-67, 78, 113, 114]).

Tunnelling Junction Arrays with Non-Uniform Component Parameters :

Experimentally, the most likely reason for considering TJAs where junction capaci-
tance and grounding capacitance are not all identical is to model the effect of imper-
fections in the fabrication process. The stability of such systems with respect to junc-
tion parameter variation can then be studied. Therefore the substitutions {; = C;/C,

;i = Coi/C and B = e/C are made, where C is the nominal average value of junction

capacitance, to obtain,

Lidig + Gl ) & - Gy 054y = By (5.5)

Knowing the values n;, V., V, and how the parameters of this array differ from their
nominal values through &; and m;; the potentials of each electrode can again be
calculated as before.

Limitations of Equivalent Circuit Model :

As an aside, it should be noted that this model only includes within its scope the
intercapacitance of ‘nearest neighbour’ electrode; stray capacitance from electrode i
to it2 is for example ignored. This approximation may be assumed to hold in fabri-
cation systems where the distance between junctions is, or can easily be made, large.
However in the case of Schottky dots on semiconductor substrates, the assumption
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will most probably be invalid. Here fringing fields must be accounted for in interca-
pacitance calculations. As an example, we note that for 20 nm radius metallic
spheres 12 nm apart the intercapacitance is approximately 1.90 aF. For equivalent
spheres 64 nm apart (the ‘next nearest neighbour’ distance) intercapacitance is
calculated at 1.38 aF. Clearly the effect of fringing fields makes the problem more
complex than the simple equivalent circuit of figure 5.1 implies, and adds weight to
the desire expressed in §3.1.1 that we obtain the full capacitance matrix for such a
physical system. However, within these limitations, the model is still found to be the

source of useful results.

5.1.3 Device Operation, Theoretical Analysis [12, 106]

The form of equations governing a tunnelling junction array immediately leads to a

simple analytical approach describing its operation. Note that with no excess elec-
trons, nje =0, equations 5.4, (those governing an array of similar junctions) are a

discretised form of,

d2¢
Cszm = Co (%) (5.6)
where € is an arbitrarily small distance. This equation has solutions of exponential

form, implying a potential, on application of a single excess charge into a previously
neutral junction array, of the form shown in figure 5.2 - assuming a long array and

considering a junction far from its ends.

electrode _¢L
potential e/C

C/Co=10 junction number i

I,

insulator -

ERERN N

Fig 5.2 Schematic of the polarisation effect caused by placing an excess electrode on an initially
neutral array of metal-insulator-metal tunnelling junctions. Shown above the array is the resultant
potential of each electrode - based on a junction to ground capacitance ratio of C/Co = 10.

The exponential potential ‘decay’ occurs symmetrically to both right and left of the
electrode that contains the excess electron, forming a charge soliton [115] in the array
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produced by the polarization field around the junction. Explicit analysis of the
constants in the exponential solution to equation 5.6, based on equation 5.4 give,

€

. CO
¢i = _(:%Tc:(:o exp(—x I 1 I) , 7\1 = COSh-l (1 + i—é) (5-7)

where the coefficient A (actually its inverse) gives an indication of the extent of the
polarization, with c/y C2 +4CC, its magnitude in units of e/C.

For C>> C, such polarisation fields can indeed be considered as solitons, for their
dimension covers a number of junctions, and their energy,

e2

Eo o = (5.8)
N o cZyacc,

is much greater than the characteristic tunnelling energy of a single junction, e2/2C.
Calculating the energy of two such solitons (found from equation 5.1 by applying
equation 5.7) in the same array shows that those with similar charge sign will repel,
while those with dissimilar charge sign will attract and possibly annihilate each other.

Array IV Characteristics - Interaction of Solitons with Array Ends :

Of most interest, however, is the way in which these solitons interact with the ends of
a tunnelling junction array, for this gives important information on the IV character-

istic of the array itself. It can be found (again by applying equation 5.7 to the energy
equation 5.1) that,

Epassiveend = —Esoliton €XP (-2Aj) (5.9)
Eactiveend = eV exp (—Aj) (5.10)

Here, Epassiveend is the energy of interaction of the soliton with the end of an array to
which no external voltage is applied (it mimics the energy of the soliton and a virtual
antisoliton mirrored in the passive end of the array forming an ‘image charge’). j is
the distance in junctions from the end of the array. It can be seen that attraction takes
place, ensuring that an array with no applied voltages will have solitons ‘fall out of
the ends’ thus bringing the system to charge neutrality.

Eactive end 18 the energy of interaction of the soliton with the end of an array when a
potential of magnitude V is applied. The energy will ensure repulsion of the soliton
into the array when the voltage sign is the same as that of the charge creating the
soliton. We note that for such an array, this effect produced by the action of the exter-
nal voltage upon a group of junctions of extent A-! into the array, rather than on a
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single end tunnelling junction, means that injection of electrons into the array does
not occur until a threshold voltage greater than e/2C is achieved,

Vinrestold = 3¢ (exp() = 1)1 (5.11)

Thus, in a tunnelling junction array with C >> C,, the region of coulomb blockade is
widened from that of a single junction. This is still appreciably less than the ne/2C
coulomb gap predicted from a simple assumption of n similar tunnelling junctions
with no grounding strays. It should be noted that equation 5.11 does not return this
ne/2C value in the limit as C,—0. This is because it only considers the injection of
electrons into a long array (length >> A1), and does not take into account the effect of

the opposite end.

At the threshold voltage, the effective resistance of the array is also lowered in com-
parison with the high voltage limit, again because the injection voltage is somewhat
higher than e/2C. This gives an IV curve which ‘jumps’ quickly from the coulomb
gap before settling to the ratio governed by the array conductance. Such a jump is
characteristic of an array structure. The form of this jump can be clearly seen in the

results shown in figure 6.2.

Zero Differential Bias Characteristic of Array - Soliton Density :

The threshold voltage also has importance when considering the process by which
solitons enter finite arrays. If, for instance both ends of such an array are brought to a
potential V, then the array will fill with an integer number of such solitons until a
stable state is obtained where the soliton’s mutual repulsion counteracts the effect of
the external potential attempting further injections into the array. Again no soliton
will be injected until V > Vipeshold, after which a complex ‘devil’s staircase’ pattern
is produced, further solitons being allowed into the system at threshold voltages
dependant on the precise values of C and C,. Analysis of particular values of these
voltages is summarised in [12], however for our purposes a result of particular impor-
tance is that an integer change in soliton density (i.e a change from an average of
soliton per site to two solitons per site in an array) is marked by a change in applied

bias voltage of,

AV = ZEsdlien oo (02) (5.12)
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Application to Physical Systems of Interest :

Unfortunately, the initial capacitance calculations of Chapter 3 give C,/C ratios from
1 to 10. The theory discussed above is applicable to extended solitons, which are
formed when C,/C<<1. Observation of effects based on solitons within the array
may not be possible with the particular Schottky dot devices under construction at
Glasgow. However the results are of use in other systems, and are of particular aid in
verifying the results of a computer program specifically designed to model the
operation of tunnelling junction arrays by use of an iterative Monte Carlo modelling
technique.

5.1.4 Device Operation, Monte Carlo Modelling

Reasons for Concentrating on Monte Carlo Techniques :

In addition to the soliton based approach described above, further analysis of tun-
nelling junction array operation was attempted. One major area of interest is the
stability of such devices with respect to perturbation of their component parameters.
In practice such perturbations might be caused by imperfections in physical device
fabrication processes. Analytical attempts to deal with this problem are described in
Appendix A - Elementary Stability Analysis of Tunnelling Junction Arrays. However,
the discrete nature of charge introduced into a junction array elicits governing equa-
tions which are non-autonomous - and whose solution is highly non-trivial. Such
difficulties are characteristic of many problems associated with systems of tunnelling
junctions.

An appropriate non-analytic approach to studying problems such as that of tunnelling
array stability is to use Monte Carlo modelling. A large number of single electrons are
tracked through the junction system. Following each electron gives insight into the
processes taking place within the system. Its macroscopic properties can be calculated
by measuring the flow of large ensembles of single electrons.

Monte Carlo Modelling Method - Calculation of Tunnelling Rates :

The approach used in the Monte Carlo modelling of tunnelling junction systems is
straightforward. Essentially answers are required to the two questions;

a) when does the next tunnelling event occur ? i.e the probability P(t) of a
tunnelling event at time t.

b) which tunnelling event will occur next ?
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Each of these questions can be answered once the tunnelling probability I'F for each
possible event is known. (The *+ distinguishes forwards and backwards tunnelling
events at junction i.) In the simple microscopic model I is calculated from the
change in free energy of the system AE* due to tunnelling, via equation 4.11. There
are, in turn, two routes to obtaining AE*. The first is to calculate the potential profile

of the system from a matrix equation such as 5.13.

1 0 0 00 .. %0 i
C1 (C1+C:2+Th) Cz (? (:) o | =B n:1 (5.13)

(which describes the tunnelling junction array with governing equation 5.5). Solutions
for ¢ are obtained for both initial, and all possible final, states of the system. For
each event, the free energy difference AE?* is calculated using equations 5.1 and 5.2.
Then equation 4.11 is used to obtain the appropriate tunnelling probabilities. This
algorithm will calculate the potential profile as a %Nz process for a system of N
junctions. (I.e computation time is proportional to the square of the number of junc-
tions.) The calculation of all tunnelling probabilities based on this potential profile is

a 2N2 process.

The second method of obtaining l"",t values is detailed below in §5.2.4. In brief, a
charge profile of the system is calculated by way of a matrix equation such as 5.18.
Then the critical charge equation 5.25 is used to obtain AE* values and equation 4.11
again used to find the appropriate tunnelling probabilities. This method is analytically
identical to the potential profile route. Computationally, however, it is preferable. The
calculation of all tunnelling probabilities based on the system charge profile is only a

2N process.

Obviously some considerable computational effort is required to process large arrays.
For the chosen junction/grounding capacitance ratio C/C, = 10 at which our test re-
sults were obtained, a value of A1 =3 means that arrays of 20 or so junctions can be
considered ‘long’ for analytic predictions. As will be noted below, a typical Monte
Carlo experiment tracking 2x105 electrons through a 20 junction array required of
the order of 10 cpu seconds of processing time on an IBM 3090 mainframe computer.

Monte Carlo Modelling Method - Tunnelling Events :

Having obtained the system tunnelling rates, weightings can be calculated for the
choice of next event and time to next event. For an event that occurs I'tot times per
second, the probability of such an event occurring at time t after the system has been

placed in an initial state is,
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P(t) = 1—exp (Tt t) (5.14)

By the principle of indifference [116] in this case we find that,

N
T = D, (TT+17) (5.15)

i=1

Tt is calculated from the sum of tunnelling rates of all possible events that lead from
a given state. From a random Monte Carlo variable, equations 5.14 and 5.15 are used
to determine the time t till the next event.

To discover which of the tunnelling events occurs, a similar random variable is used.
The probability of an event occurring is directly proportional to its tunnelling rate.
Event it is therefore chosen by the random variable, weighted by the I't values.

Summary :

A Monte Carlo solver has been developed to model the operation of arrays of tun-
nelling junctions. It will give results which can be compared with the purely analyti-
cal work of § 5.2.3. In constructing such an aid we first require an appropriate equiva-
lent circuit model for the junction arrays. Having this, an iterative method is used to
model the circuit;

1) Characterise the system by either its potential or charge profile.

2) Calculate the tunnelling rate for each possible system state change.

3) Choose which event will occur, and the time at which it will occur, based on
weightings given by these tunnelling rates.

4) Recharacterise the system, based on the new distribution of excess charge and
bias conditions.

This iterative loop is the basis of all the Monte Carlo modelling we use to investigate
tunnelling systems. Although extended to deal with more complex systems of junc-
tions, its basic principles will remain unchanged.

The Monte Carlo solver will prove to be a useful and versatile tool in the analysis of
single electronic systems. Its only major disadvantage is the need for sizable process-

ing power to perform the simulations in a reasonable time.
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5.2 Development through Analysis of Turnstiling Devices

The motivation for studying gated junction array systems is discussed. Some of the
applications of devices where the flow of electrons may be controlled are considered.
Experimental work in the fabrication and measurement of such systems is noted.
The equivalent circuit equations of a simple gated junction array system - the four
junction gated turnstile device - are developed and solutions found for both electrode
potentials and junction charges. The detailed operation of such a device is explained.
Techniques are developed to extend the modelling tools of §5.1. The concept of
critical charge is introduced as a method of speeding calculation in Monte Carlo
modelling. A new linear programming technique is described. This technique allows
calculation of the stability of a gated turnstile in control parameter space.

5.2.1 Reasons For Studying Tumstiling Devices

The next stage in system complexity, above that of the tunnelling junction array, is
the gated turnstiling device or electron pump [10, 63, 109] first suggested by Esteve
[9]. At their simplest, such devices consist of a junction array with one or more elec-
trodes linked by small gating capacitances to a set of control voltages. Variation of
the control voltages effects the fractional charge on the gated electrodes, which in turn
controls tunnelling of electrons through the array. Given appropriate biasing condi-
tions it is possible to drastically alter array impedance by small variations of the
control voltages. This gives the system transistor like switching properties.

(In some sections of the literature [63, 109] a distinction is made between gated ar-
rays, depending on the number of control voltages used. In this work the term ‘gated
turnstile’ will be used to describe devices with one gated control voltage. More com-
plex systems will be specified as ‘2-phase’, ‘3-phase’,... devices.)

The ability to control electron flow has obvious applications. Suggestions include;

* Highly sensitive electrometers [11], where the charge to be measured is capacitively
coupled to a controlling electrode of a gated junction array,

* Quantum metrology (8], where a turnstile is used as the basis for a dc current stan-
dard,

« digital systems [81], where excess electrons are used as information bit carriers and
gated turnstiles act as the basis of switching circuits such as those noted in §2.3.2.

There has also been recent interest in the fabrication of gated turnstile devices using a
variety of approaches. Metal-insulator-metal systems have been fabricated using the
hanging resist technique of [14] and junctions of area as small as (30nm)2 have been
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produced. Both gated turnstiles [10] and 2-phase devices [63] have been constructed
and measured using this technique. Turnstiling systems have also been constructed
around a quantum dot (lateral dots with capacitance in the order of 240 aF defined
by metal gates producing a two-dimensional electron gas in a GaAs/AlGaAs hetero-
structure [57]). In Glasgow, work is in progress for the construction of turnstiles using
a metal-semiconductor-metal approach at ultra-fine ( < Snm radii ) resolution [60].

The experimental progress on gated junction arrays, and their obvious importance in
single electronic systems, are the prime reasons for developing tools for the analysis
of turnstile operation.

5.2.2 Equivalent Circuit Model

—_— —_—
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Fig 5.3 Equivalent circuit diagram of a gated turnstiling device, whose purpose is to clock
electrons from the electrode at potential V, to that at Vg as a result of an oscillating
voltage applied to V. As well as the biasing potentials, junction and gating capacitances
being show, characterising information required for the general network solver of §5.3 is
noted - the components and circuit loops are numbered, and nominal current flows noted.

Consider the circuit diagram of a simple gated turnstiling device shown in figure 5.3.
It consists of four tunnelling junctions Ci,...C4 and a non-tunnelling gate capaci-
tance Cg, with bias produced by voltage sources V, Vg, and Vg. Excess elec-
trons may be found on the three electrodes of the device, at potential ¢;, ¢ and ¢3,
respectively. The charge carried by excess electrons at these three points is Q1, Q2
and Q3.

In operation, Vg cycles between two voltage levels. At one level the bias of the
system allows electrons to tunnel from V, onto the central electrode, but no further.
Tunnelling from the central electrode, through electrode 3 to Vp, is disallowed under
this bias. At the other level of Vg, electrons can tunnel out from the device, but no
further electrons can enter. Thus charge is clocked through the system by an oscillat-

ing gate voltage. We wish to analyse the area in bias-parameter space under which
this turnstiling action occurs.
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Circuit Analysis :

The circuit of figure 5.3 can be characterised by the following equations;

Va-01DC1 = ~-qq 91-92)Cr = —q
(¢3-VB)C4q = —qq 92-93)C3 = —q3 (5.16)
92-Ve) Cg = q¢
Qi =q1—q Q3 =q3—-q4 5.17)

Q =q0-93+9c

where the equations 5.16 are from the definition of capacitance and the equations 5.17
from charge conservation. With eight equations and eight unknowns the system is
exactly soluble.

These equations can be manipulated into matrix form, solving for the charge across
each capacitance in terms of the known constants; Q’s, V’s and C’s. This elimination
of the ¢; anticipates the critical charge approach described below.

~— 1 -1 0 0 0 7
0 1 -1 0 1 aQ Qi
0 0 1 -1 0 %@ Q
11 5 45 L ||a]=]| @ (5.18)
G C Co Q4 Vg-Va
0 0 1 1 1 qG VB-Vg
L C; C; Cg A

(Here, the first three rows of the matrix again come from charge conservation and the
last two from the application of Kirchoff’s Laws.)
Expansion of 5.18 gives;

Ca(ViVo) - @+ g, 2| Qi+ Qi i (CiVe-Var-Q)|

qG = (1 e i, G (5.19)
Cg(C1+Cp)) Cs4 " Cg
_ _ GG G
94 = 4G (1+C o(C +C2))+ Q+Q-tiG, (C1(V6-Va)-Q) (5-20)
and,
qi—qs4+qc = Q1 +Q+Q; (5.21)
q2-qa+qc = Q1 +Q2 QB-qs = Q3

Which in the special case of C; 4=C and Cg=C/2, cancel to give,
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96 = ¢ {C(VB+VA-2VG) + Q; +2Q2 + Q3)
94 =¢ {C2Vp-Va-VG) - Qi - 2Q; - 4Q3)
93 = ¢ {C2VB-Va-Vo) - Q - 2Q2 +2Qs)
G2 = ¢ {C(VB-2Va+VG) - 2Q; +2Qz + Qs

a1 =5 {C(VB-2VA+V() +4Q; +2Qs + Q3) (5.22)

The four junction turnstile device can be fully characterised by either equations
5.16-17, matrix equation 5.18 or equations 5.19-21. The simplified set of equations
5.22 will be used below to further explain the operation of the turnstile.

5.2.3 Turnstile Operation

Equations 5.16-21, although fully characterising the four junction gated turnstile, do
not give an immediately transparent view of its operation. To visualise these pro-
cesses more clearly, a device with equal junction capacitances C and gate capaci-
tance C/2 (obeying equations 5.22) is considered as an example. It is biased by
Va=-Vg=0.35V/(e/C) and Vg =0.0or-2.0 V/(e/C). The results of potential
calculations for this device are shown in figure 5.4. This indicates the potential
landscape of the device for various combinations of applied gate voltage and excess

electron position.

Consider first the numbered schematics of figure 5.4a, where a gate potential of

—2.0 V/(e/C) is used to drag an electron into the array. The electron is inclined to
tunnel to an electrode with a lower potential, but because of the Coulomb blockade
effect it can only do so if the potential drop is greater than 0.5 V/(e/C). This drop is
indicated by the ‘I’ bar in each diagram. As can be seen, the combined effect of both
bias and gate potential is sufficient to allow tunnelling of a single electron into the
central electrode. However once this point is reached, the drops in potential through
the system are not great enough to allow further tunnelling. Further electrons from
V4 are also effectively blocked. If the higher order processes of §4.5 can be ignored,
then a stable configuration is the result.

Now consider an applied gate voltage of 0.0 V/(e/C), as shown in figure 5.4b. The
effect of the applied bias potentials (perturbed by the presence of the excess electron
itself) is sufficient to allow the electron’s exit from the system, while also disallowing
further tunnelling into the array. Thus, assuming the interplay of no higher order pro-
cesses and sufficient time for each tunnelling event ( t >> R,C, where R; is the nom-
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Fig 5.4a Schematic of the potentials found in a gated turnstile during injection
of an excess electron. The turnstile has junctions with capacitance C and a

gating (non-tunnelling) capacitance of C/2. A voltage of -2 V/(e/C) is applied
at the gate for electron injection.
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Fig 5.4b Schematic of the potentials found in a gated turnstile during ejection
of an excess electron. The turnstile has junctions with capacitance C and a

gating (non-tunnelling) capacitance of C/2. A voltage of 0 V/(e/C) is applied
at the gate for electron ejection.



inal tunnelling resistance of each junction), the turnstile will clock one electron from
Va to Vp with each cycle of the gate voltage. The current is then governed by the
frequency of the oscillating signal at Vg.

Although giving detailed explanation of the operation of the gated turnstile, such an
analysis is of little use in providing information on the range of bias conditions under
which turnstiling may occur. There is a simple technique that will allow easy access
to such information; the method of linear programming developed below. However,
in order to make use of this technique, the idea of critical charges, a concept
suggested by Esteve [117] to reduce the complexity of modelling calculations, must
be developed.

5.2.4 Concept of ‘Critical Charges’

The technique of critical charges is most useful H
when considering systems consisting only of Cef

.. \V/ R:.C %4
voltage sources and capacitive elements. By ts e
Thévenin’s theorem the system is reduced to that

of figure 5.5 consisting of the junction of interest Fig 5.5 Thévenin equivalent

(capacitance C, tunnelling resistance R;) and circuit of a tunnel junction in
. . series with the lumped remainder
the lumped effective capacitance of the rest of the of the circuit, capacitance Ceg

equivalent circuit, Cef.
The free energy of such a system is readily obtained in terms of the charges on these
capacitances and a charge through the voltage source, Qy, as

chf Q2
E = 2Cerr + 5= G +Q\vV (5.23)

so that the energy change due to a tunnelling event in C is given by,

__eQ e _1 4
AE = -F + 5 ConC (5:24)

which formula can be rewritten as,

AE = _C(Q‘%ﬁtical) (5.25)

- <
’ Qcritical = 2(14Ci/C)
This implies that the change in free energy of the system caused by a tunnelling event
through any particular junction can be calculated in simple fashion from the initial

charge across that junction, and it’s relation to a critical charge for that junction. The
critical charge is a parameter solely dependant on the system components, and not on
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its particular bias conditions at any one time. It can be seen to be the charge above
which, at T — 0, conduction starts to take place through the junction, i.e the

Coulomb blockade charge for the junction.

The idea of using critical charges originated in a desire to speed the calculation of the
Monte Carlo model described in §5.1.4. Qcrisical Values can be precalculated before
entering the iterative loop, and junction charge values calculated in the loop instead of
electrode potentials. Obtaining charge values requires the solution of a matrix equa-
tion such as 5.18, and in practice this process is less computationally expensive than
the calculation of full potentials (although it is still an N2 process).

Practical Application of Critical Charge Approach :

The structure of the code used to model the gated turnstile is described in Appendix E
- Code Structures. A bespoke Monte Carlo routine was written, based on equations
5.19 - 5.21. This produced the initial modelling results of Chapter 6. Evolving from
this bespoke code, a General Network Solver was developed, and is described in
§5.3.2. This solver was used to obtain the bulk of the results of Chapter 6. It also
relies upon the critical charge approach described above.

5.2.5 Device Operation, Linear Programming Approach

One consequence of using this critical charge approach is the development of the idea
of linear programming as a simple way to discover the area of operation in control
parameter/bias voltage space of the gated turnstile. The approach can also be

extended to other more complex single electronic systems.

As an example of the use - and a description - of this linear programming technique,
consider again the simple gated turnstile of figure 5.3 described by equations 5.22 (i.e
with Cg = C/2). Further simplify the problem by requiring that Vg =—V4. Then it

can easily be seen that the formulae of 5.22 all have the form,
G =0Va+BiVe+v o,B,y constants (5.26)

where the ith junction, at T — 0, will commence conduction at q; = g critical-
Equations 5.26 degenerate into straight lines in V4,Vg space. Each of these divides
control parameter space into regions in which a particular tunnelling event is or is not
allowed. For more complex problems control parameter space is divided into regions
by linear surfaces of higher dimension. The position of these demarcation lines for a
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particular tunnelling event is solely dependant on fixed parameters (C; and ; critical
values) and the position of excess electrons in the system before tunnelling occurs.

This gives rise to a simple process for describing the stable area of operation of a
system - a process which may be thought of as the inverse of the Monte Carlo tech-
nique. There, knowing bias voltages and excess charge positions, the charge across
each junction can be calculated. These are then compared with Qcrisicai values to find
the next likely tunnelling event. In the linear programming approach decisions are
first made as to which events are allowed and disallowed for the device to operate.
The parameters of the system define Qcriticai values. These in turn uniquely define
stable areas of device operation in voltage bias space

Figures 5.6 and 5.7 show the results of this process for the simplified gated turnstile.
Figure 5.6 shows schematically the most important tunnelling events defining opera-
tion of the device, both for electron injection and ejection. Figure 5.7 shows the areas
of legal operation for electron injection and ejection based on these tunnelling events.
Critical lines in figure 5.7 are cross-referenced to their defining events in figure 5.6.

It should be noted that in this example, particularly simple results are obtained. The
defining equations give lines of equal gradient because of the equal capacitances of
each tunnelling junction. There are a number of degeneracies (for instance, two types
of tunnelling event give the same electron injection line, A). More realistic problems
will give far more complex operating area diagrams. Also, we have assumed T — 0.

At finite temperature perfect turnstiling action will only occur well within the legal
turnstiling area defined in figure 5.7.

Note that because this approach is based on linear programming, and is simplified by
the T — O condition, computation times are linear with respect to the number of
junctions in the system under analysis.

Summary :

The Monte Carlo modelling approach introduced in §5.1.4 has been improved by
characterising systems on the basis of junction charges instead of electrode potentials.
As noted in §5.1.4. this method is more efficient computationally, and allows greater
preparatory calculation outside the main iterative loop of the algorithm. The charge
profile of a system is obtained by solution of a simple governing matrix equation
based on Kirchoff’s Laws and charge continuity.

Another useful modelling tool has been developed from this critical charge approach
to Monte Carlo modelling - the linear programming technique. This tool was intro-
duced to specify the area of turnstiling action of a gated turnstile device in control
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Fig 5.6 The following schematics describe the important tunnelling events which
govern the operation of a gated turnstile.

The important allowed or disallowed events are split into those that concern injection
of an electron into the device, and those which concern the ejection of the electron from
the device. The reference letters A...D correlate with similarly lettered lines on the
graph of legal turnstiling area in VA, VG space of figure 5.7. Each event corresponds to
an associated bounding line of the legal turnstiling area.
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parameter space. It can be extended to consider operational modes of more general
systems and the areas of control parameter space in which those modes legally oper-
ate. Compared with Monte Carlo calculation of stability in control parameter space,
the linear programming technique is overwhelmingly more efficient in its use of

computing time.

5.3 General Network Solver & Linear Programming Technique

The bespoke modelling techniques developed in sections 5.2 and 5.3 are extended to
algorithms of general applicability. A general Monte Carlo simulator is described.
Some of the devices and systems whose analysis might benefit from the use of such
tools are noted.

The advantages and disadvantages of both the general network solver and the linear
programming technique are discussed. The benefits of applying both methods in
complementary fashion are noted.

Specific modelling results from the tools here developed are considered in Chapter 6.

5.3.1 The Need For General Simulation Tools

Having developed bespoke algorithms to model tunnelling junction arrays and gated
turnstiling devices, we now wish to develop these routines to allow the modelling of
general networks of components. Initially equivalent circuits consisting only of tun-
nelling junctions, pure capacitances and voltage sources will be considered. These

tools are required for the following reasons;

Firstly, a set of general tools allow calculations to be performed on a wide range of
differing systems without the need for extensive recoding and hand analysis of each
system in turn. Even considering only the turnstiling devices, there are a wide variety
of different designs. These employ many different sets of gated control voltages and
buffer junctions. 3-phase devices have already been proposed and constructed [63,
109]. Other devices and systems have also been proposed, including the other basic
requirement of a digital system - memory cells [61, 118]. Even systems based on the
macroscopic quantum tunnelling effects generally considered undesirable have been
suggested for correlated electron transport [119]. Rapid modelling of general systems
would of course be useful; in leading experiment by testing the validity of new device
proposals, in verifying the experimental results, and in optimising the component val-

ues and bias conditions of devices.
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Secondly, as mentioned in §5.1.2, the physical geometry of many single electronic
devices means that tunnelling junctions can no longer be assumed to obey ‘parallel-
plate’ capacitance approximations. Fringing fields become non-negligible. As a result
the system capacitance matrix is non-diagonal and ‘next-nearest-neighbour’ effects
may play a significant réle. Modelling tools, which can easily include such effects,
would allow greater understanding of the constraints intercapacitance coupling might
have on device operation.

Finally, it should be noted that any practical single electronic devices will be complex
and extended systems subject to charging effects far less subtle than macroscopic
quantum tunnelling or quantum fluctuations. The extreme sensitivity to external
charge that makes tunnelling junction systems so suitable for use as electrometers

(1, <2x10-4 eHz-1/2 [11]) makes shielding and isolation of such devices critical.
Vital questions which may be explored with general modelling tools, even those
which only consider capacitive circuits, include;

* How well shielded do typical systems have to be before external charge seriously
perturbs their operation ?

* Can systems be constructed which by their nature are tolerant to such external
charge ?

» What range of system packing densities can be achieved where sections of a
system will not adversely effect others ?

« Can systems be constructed which make use of correlated effects produced by this

lack of charge isolation (analogous to the beneficial soliton effects in tunnelling
junction arrays) ?

5.3.2 General Network Solver - Charge Profile Calculation

The principles which define the Monte Carlo modelling algorithm are laid out in
§5.1.4. In brief, two main areas of calculation must be performed. Firstly, critical
charge values must be obtained for each tunnelling junction in the system. Then an
iterative loop is entered, which repeatedly calculates the system charge profile. This is
compared with the critical charge profile, and equations 5.25 and 4.11 used to choose
the next tunnelling event to occur. Associated with this core algorithm are routines
that extract desired ‘experimental’ information; IV curves, number of electrons
through turnstile, etc.

In this section, the algorithm to calculate the charge profile of a general circuit
network is considered in detail.
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Predefined matrices are used to input circuit information to the general solver. As an
illustrative example, consider the matrices that describe the turnstile of figure 5.3.

Volts

[000 0 0Vs Vg Vg]
Elas =[—1--1——1-—1—L000]

1100-110 -1
001110-11

1-1 0 00O

Qcon = [ 01 -101 ]
001-10
0 0

] (5.27)

Conn

Zcon =10

Here the elements of volts and Elas are the initial bias voltages and elastances of
each component of the gated turnstile, numbered 1-8 in figure 5.3. (As can be seen, a
general rule is made to number the circuit components in the sequence; tunnelling
junctions, other non-tunnelling capacitances, voltage sources. This ensures easier
coding of the algorithm.) Each row of the connection matrix conn describes a loop
in the device equivalent circuit, each column the presence of a particular component
in that loop. The sign of an element of conn signifies the direction of nominal cur-
rent flow through each component.

The information contained in these matrices is enough to form equations based on
Kirchoff’s Laws, but to include charge continuity and form a soluble set of circuit
equations two other pieces of information must be available. Firstly, information on
the possible sites of excess electrons is contained in Qcon. It has as many rows as
there are electrodes in the equivalent circuit that can support excess electrons. Its
columns note which capacitive components effect the charge on this electrode.

Also cases like that shown in figure 5.8
C )

must be taken into consideration, where the \/

charges on junctions C; and C; must be _*ﬂk_@%k_'_—
equal by symmetry. Such situations are Fig 5.8 Equivalent circuit components
found to be rare in practice, but must be requiring the matrix Zcon.
included to ensure that the matrix equation

governing circuit operation is always soluble. The matrix Zcon is used to store the
information which defines such situations.

Having defined these matrices, solution of the system charge profile becomes simple.
Two matrices, Econ and vcon, are obtained from the elastance and bias voltage
portions of conn by multiplying by the component values in Elas and volts. If q
represents the vector of capacitance charge values in the circuit, and Q the vector of
excess charge value on circuit electrodes, then
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Qcon.q = Q

Econ.q = ~vcon.1
Zcon.q = 0 (5.28)

completely define the charge profile of the system. For the example described by
matrices 5.27, these give;

1 -1 0 0 0
o 1 -1 0 1 ai Qi
o 0o 1 -1 0 Q© 82
1 1 0 0 1 q | = 3 (5.18)
C, G X X (ijG q4 Vg—Va
e 96 Vg-V
0 0 C; C Cg 4 BTG

Having obtained such a matrix equation, solution for q can be performed by stan-
dard linear algebra toolbox routines, such as those provided in FORTRAN by the
Numerical Algorithms Group [120].

Code structures that perform the operations of forming and solving such matrix
equations are presented in detail in Appendix E - Code Structures.

5.3.3 General Network Solver - Critical Charge Calculation

Of more complexity is the problem of calculating a vector of qcr¢ values from the
circuit information matrices. As described in §5.2.4, the procedure is to form a
Thévenin equivalent circuit around the junction of interest, with Ceg signifying the
Thévenin lumped capacitance (see figure 5.5). Then equation 5.25 can be used to

calculate one qcrjt. This in itself is trivial. The complexities arise in automating the
calculation of a series of Cegs values.

Solution of this problem comes through using the circuit impedance matrix. A net-
work of components can always be split into meshes or loops ringed by circuit ele-
ments. The square impedance matrix has rank equal to the number of such loops. Its
diagonal elements equal the total impedance of a loop and off diagonal elements the
total shared impedance of loops (i.e element (1,2) is the sum of impedance common
to loops 1 and 2). As such, the matrix is symmetric and positive definite.

Such a matrix can be partitioned into four submatrices. An example of such a parti-
tioning for an arbitrary 3x3 matrix is given below in equation 5.29

z [Zzn -2212 -%13] [A B]
=|-Z12 222 -Zy3 |= with,
-Z13 223 Z33 CD
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_[Z11-Z12 _[Z13
a=[Z0712] B=[Z2] c=tZin-znml D=zm  (s29)

One property of this impedance matrix is that the effect of loops in which we have no
interest can be merged into the rest of the loops mathematically - an effective
impedance matrix resulting. For instance, if Z is partitioned into A, B, C,D thena
matrix,

Zess=A ~BD-1C (5.30)

is equivalent to Z in a reduced network.

In our solver, all loops other than those containing the junctions of interest are
merged. For a two dimensional network this gives a reduced Zeff matrix with one or
two loops. Figure 5.9 below shows the two possible results (no further simplification
is made for code performance reasons). Calculation of the Thévenin impedance is
now simple and immediately leads to the critical charge for the junction of interest.

Rank 1 Matrix Rank 2 Matrix
Ca Cpmm== G
Cor == R C ¥ —— oSk ——
~ e

A4 _ Al -1

Fig 5.9 Equivalent circuit diagrams for possible reduced Z.g matrix results.

This automates the processes of finding critical charge values for each junction in a
general system, and for calculating the potential profile of that system. It allows
construction of a fully automated general Monte Carlo modeller (referred to as the
General Network Solver) for capacitive single electronic systems. Detailed coding
structures of the modelling algorithm are shown in Appendix E - Code Structures.

Tracking single electrons through a single electronic system by Monte Carlo mod-
elling is a computationally expensive and thus often slow process. For example,
calculation of the IV curve of figure 6.2 took a little over 1.5 hours of CPU time on an
IBM 3090 mainframe (with associated vector processor) using optimised VMS
FORTRAN code. The curve was produced by tracking 7x10% electrons through a

8 junction array for 200 data points.

However, the general network solver has the advantage of being extremely flexible in
the data which it can collect from the system under test. IV curves, average electron

event times through particular components, areas of device operation, and many other
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results are all as simple to produce. The process can also give results for both T — 0
and finite temperatures with only minor modification. It should also be easily extensi-
ble to deal with quantum fluctuations in the system based on the quantum Langevin -

approach discussed in §4.2.1.

5.3.4 Linear Programming

Extension of Linear Programming Techniques to General Systems :

The principles of the linear programming technique are presented in §5.2.5, using the
example of a simple gated turnstile device. It would be beneficial if this algorithm
could be automated and extended to more general single electronic systems.

From §5.2.5 it can be seen that this is a twofold process. Firstly a method of obtaining
Qerit Values must be found. Secondly, a procedure must be devised for deciding which
events are critical to device operation. The problem of obtaining q.q; values has al-
ready been solved above - and thus the main section of any linear programming code
simply uses the same routines developed for the general network solver. However the
procedure for choosing critical state transitions is far from trivial and work on its au-

tomation is still in progress.

The number of possible state transitions is one source of problems. If equation 5.26 is
used as a basis, then the number of linear programming lines in control parameter
space is the product of N (the number of tunnelling junctions) and the number of
possible states of the system.

Also the state transitions that might be assumed to be critical are often discovered not
to be, when plotted by linear programming code. An example of this may be found in
the injection of electrons into the four junction turnstile discussed above. It is a re-
quirement for device operation that electrons must be able to tunnel from the first to
middle electrode of the system. Such an event is in fact irrelevant to the area of stable
device operation - it turns out to be an automatic consequence of biasing conditions
allowing an electron to tunnel to the first electrode itself. Another example concerns
the reverse tunnelling of electrons at low bias voltages in the same four junction turn-
stile. Superficial consideration assumed that with forward bias of the system, reverse
current could be ignored (events C and D of figure 5.7). More detailed modelling
with the general network solver shows this not to be the case - there is significant
reverse leakage current.
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Combined Use of Linear Programming and Monte Carlo Techniques :

For more complex systems it becomes progressively more difficult to make initial
guesses of the tunnelling events that will be found to be important, and so a combi-
nation attack with the general network solver and linear programming model is em-
ployed. Initial guesses of critical events are fed to the linear programming model.
Then based on its results, a coarse grid of tests in control parameter space is made
with the general network solver for verification. If errors have been found in the
initial choice of allowed and disallowed events, adjustments are made. The general
network solver is used to probe those areas of control parameter space in which the
operation of the device is unclear. Often it is found that in some areas of control
parameter space a different sequence of state transitions than that anticipated is the
major route for electron flow. There may be more than one set of state transitions
leading to identical final outcomes. Examples of such processes may be found in
figures 6.12 and 6.13 of §6.2.2 below.

The main advantage of the linear programming method is its ability to produce results
in ‘real time’ (usually the computation time involved is of the same order as the time
required to display the results). Its disadvantages include the need for experience and
insight on the operator’s part in choosing which allowed and disallowed events to
plot. Also the limitation of working most effectively as T — 0. Thus, when analysing
the area of operation of a system in control parameter space by this method, the ad-
vantages of linear programming can be fully applied, while its disadvantages are
largely counteracted by the limited use of the far slower general network solver.
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5.4 Summary

Tunnelling junction arrays and gated turnstiles have been considered in detail. Their
possible role as sub-units of integrable single electronic systems has been noted.
Simple equivalent circuits have been constructed to model their operation, and in the
process Monte Carlo based routines and a linear programming technique have been
developed. These techniques have greatly aided the analysis of arrays and turnstiles.

The modelling techniques were then extended to deal with general systems of junc-
tions, capacitances and voltage sources. The Monte Carlo routines were optimised by
using the concept of critical charges, and a General Network Solver developed. This
gives tools that are more effective in analysing extended single electronic systems.
The effects of system component variation, interdevice coupling and external noise
can now be studied more easily. More complex device equivalent circuits (such as
those including ‘next-nearest-neighbour’ coupling) can also be easily analysed. For
the specific calculation of regions of system operation in control parameter space it is
found that a combination of both tools, combining the speed of the linear program-
ming process with the flexibility and immunity to operator error of the general net-
work solver, are a great aid in fully characterising systems.

There are three obvious extensions that could be made to our present tools;

* Consideration of system quantum fluctuations, as well as the thermal fluctuations
already accounted for in the simple microscopic model. This might be done by
the heuristic approach of the quantum Lengevin equation as noted in Chapter 4.
It would involve a change in the tunnelling rate calculation of the general net-
work solver. Instead of using equation 4.11, equation 4.21 would be applied. This
would involve more complex calculations, but would require little recoding of
existing computer programs.

* Inclusion of resistive and inductive elements in the allowed equivalent circuit
models. This would involve extensive recoding of existing programs, but no
change to the structure of the algorithms themselves. However, theory assumes
complete relaxation of the system between tunnelling events. Care must be taken
to avoid violating this condition. The modelling tools would therefore be of most
use for devices operating only at low frequencies.

» Full automation of the linear programming technique. This requires study of the
rules governing which sets of state transitions allow a system to move from its
initial state to a desired final state. Knowledge of the allowed sets of intermediate
states immediately leads to critical allowed and disallowed events which the lin-

ear programming method maps to a stable area in control parameter space.
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CHAPTER 6 APPLICATION OF SIMULATION TOOLS
TO SINGLE ELECTRONIC SYSTEMS

A set of simulation tools for single electronic devices have been developed. They are
now applied in the investigation of;

* idealised single electronic sub-systems (gated and ungated junction arrays ),
* more realistic models of such sub-systems (subject to component deviation and
static stray charge),

* groups of capacitively coupled devices - i.e small idealised systems.

The basic single electronic sub-systems considered in the literature are the tunnelling
junction array and the gated turnstile device. These fulfil the r6les of transmission line
and control device for single electronic signals. They were the devices used to aid the
development of our simulation tools, and are described in detail in Chapter 4. In this
chapter the results of modelling such systems are presented.

Results are also presented for the modelling of a number of systems based on the
junction array and gated turnstile. Arrays are considered, where junction and ground-
ing capacitances may vary randomly about a norm (representing the natural variation
in component values resulting from a fabrication process). We also consider a multi-
phase system, where more than one control voltage is applied to the turnstile in an
attempt to improve device performance.

Finally, the natural effect of device integration - stray coupling capacitance and the
subsequent device cross-talk produced - is investigated. Pairs of tunnelling junction
arrays and four phase gated turnstiles are linked by a simple coupling model, and the
effect of varying coupling capacitance considered.

Choice of Grounding Capacitance Values :

Much of this work was carried out before the results of Chapter 3, which indicates a
Co/C value of the order 2 to 10 for typical fabrication techniques. An assumption of
C,/C=0.1 is made in the literature analysing tunnelling junction arrays [12, 106],
and for gated turnstiling devices a common assumption is Cg/C =0.5 [9]. Thus,
many of the results presented below follow these assumptions. The effect of raising
Co/C by an order of magnitude will be discussed separately for each system.
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6.1 Tunnelling Junction Arrays

6.1.1 Junction Arrays Under Idealised Conditions

Initial modelling considered homogeneous arrays, with both junction and grounding
capacitances constant (as in the work of Bakhvalov e al. [12]). The theoretical work
of §5.1.3 indicates that such arrays will show correlated electron flow most clearly.

Steady State Soliton Densities :

The first results, those of figure 6.1, show the concentration of solitons in a 22 junc-
tion array. Such a result would be extremely difficult to measure in any physical sys-
tem. However, it does allow a number of comparisons between junction array theory
and Monte Carlo modelled results. It also demonstrates most obviously the correla-
tion of system charge.

A negative bias is applied to both ends of the array, injecting electrons and forming a
set of soliton states. Co/C =0.1 produces solitons A-! = 3.2 junctions long. From
equation 4.11 the first injection is expected to occur at Vipeesh = 1.3 V/(e/C), there-
after a ‘devil’s staircase’ being formed. The period of this staircase (the point when
all junction sites are filled and double solitons begin to form) is twice AV =5 V/(e/C)
The low temperature graph of figure 6.1 (B = 100, where = T/T) clearly shows
this space correlation of charge, and the entry of each excess electron into the array
can be seen as bias voltage U is raised. Random fluctuations are suppressed by
Coulomb blockade and mutual repulsion of solitons. The period of the staircase is
indeed twice 5 V/(e/C), and the first full 1-electron jump in <n> does occur at
Vihresh = 1.3 V/(e/C).

Figure 6.1 also shows the effect of raising the modelled temperature closer to Tk.
These results essentially follow the work of Bakhvalov et al. However, in that work
the smooth average of soliton density is plotted for an assumed infinite number of
tunnelling events. The results of figure 6.1 are based on 500 tunnelling events, and
clearly show the transition from strong correlation to a ‘shot noise’ governed density.
This noise is caused by constant thermal production, and subsequent annihilation, of

soliton-antisoliton pairs.

Finally, note two small half-electron jumps in the graphs at U =0 and just below

U = Vinesh- These are caused by errors in the coding of the modelling routines which
erroneously include an average of electrons passing through the voltage sources. The
simple array model was also found to be very susceptible to round off error in the cal-
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Fig 6.1 Average concentration of solitons in a tunnelling junction array
versus bias voltage U. (see figure 5.1)

Calculation by Monte-Carlo technique averaging over a 'snapshot' of 500
tunnelling events. Array has 22 junctions with all tunnelling capacitances
similar and all grounding capacitances similar. Co/C = 0.1

Each trace is offset by 0.25 for clarity and has B = TeriticaVT, Teritical = €2/2C
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culation of potentials. The algorithm (equations E.2 of Appendix E) calculates poten-
tials iteratively based on potential differences that may be vanishingly small at the
ends of a sparsely populated array. Such errors increase exponentially with array
length. In the worst case, 10% errors in potential were noted in a 35 junction array.

Such coding errors were resolved in further modelling programs.

Current / Voltage Response :

The second set of results, array IV curves, are more conducive to experimental mea-
surement. Figure 6.2 shows the classic Coulomb blockade curve for an array at low
temperature (in this case B = 100). Again Vipesh = 1.3 V/(e/C) for Co/C=0.1. As
predicted in §5.1.3, the current rises sharply at this threshold voltage before approach-
ing the expected gradient defined by the tunnelling resistances of the system. Such an
IV curve is characteristic of extended solitons in systems with C >> C,.

Figure 6.3 shows the equivalent results for systems with smaller A-! = 1.8 with data
points calculated from only 1000 tunnelling events again at § = 100. The threshold
voltage is now closer to V =¢e/2C, and less of a ‘knee’ is noted in the curve above
threshold (although the variation of data points makes this a little more difficult to
see). Comparing traces for 10 and 25 junction arrays with equivalent tunnelling
resistances we verify that current is in the ratio 25:10 as expected.

Computation of these basic results is vital in preparing the techniques required to deal

with more complex systems.

6.1.2 Non-Homogeneous Array Systems

In any physical system, it is impractical to expect tunnelling junctions and grounding
capacitances to have uniform value. For hanging resist fabrication, estimates of
variation in components of X2 Rjunction @nd X 1.25 Cjunction have been reported [50].
We investigate junction arrays with differing levels of component variation and the

operational stability of such systems.

The model used is that of equation 5.5 of §5.1.2. Here {; and m; represent the frac-
tional variation in junction and grounding capacitances C;,C,; from some nominal
C. In these results, {; and m; are formed from a Gaussian distribution,

1 (C.1)2
P(l;;0) dG; = V7o exp [%‘;—?—:,dg 6.1
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Fig 6.2 IV curve for a 8 junction array obtained through Monte Carlo modelling.
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Fig 6.3 IV curves for 10 and 25 junction arrays obtained through
the Monte Carlo modelling of 1000 tunnelling events.
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This method most effectively models the variation due to linear misalignment errors
in fabrication processes, giving a preponderance of very small capacitance values. It
is preferred over the more obvious method, forming ;,n; from the logarithm of a

Gaussian about zero.

Steady State Soliton Density :

Figure 6.4 is a recalculation of the steady state soliton array density in a 22 junction
array. It shows the average soliton concentration in a negatively biased array as a
function of bias voltage U. Here each trace has T — 0 and both C and C, values
are varied. The ‘average fractional deviation’ is ¢ of equation 6.1. The {;,n; are
uncorrelated; i.e the variation on junction 1i is totally independent of the rest of the
system. There is also no correlation between traces, a new array is calculated for each
modelling run. 6 =0.43 was chosen as a maximum in this system, as it was the point

where breakdown regularly occurred and spatial charge correlation was destroyed.

Note that the system does still exhibit spatial charge correlation under relatively high
values of component variation. This implies that tunnelling junction arrays may be
resistant to large fabrication variations in their parameters. However, even below
breakdown, increasing junction deviation can greatly modify the soliton distribution.
Specifically, the regularity of threshold voltages is destroyed. At some threshold
points multiple solitons may enter the array.

To see more clearly the basis of this effect, consider an array where only the ith
grounding capacitance is varied,

-Co;.1 + 2CMC); — Coiy = Qi (6.2)
This can be trivially recast as,
= -Coy 1 + 2C+ Cp)o; — Coyp = Qi — M-1)Coi (6.3)

where (M-1)Cod; acts as an additional effective fractional charge. The variation of
grounding capacitance can be viewed as the introduction of a new soliton into the
array. This ‘soliton’ is spatially fixed and potential dependant. An 1 < 1 variation
will induce a positive charge that will repel any other positive solitons in the array.
Figures 6.5 and 6.6 show the potential barrier induced by variation of a single junc-
tion or grounding capacitance. They graph the energy of an array system as a real
soliton is brought steadily closer to the component anomaly. The energy scale is
compared with the energy of a lone soliton in an infinite homogeneous array,
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Fig 6.4 Average concentration of solitons in a tunnelling junction array
versus bias voltage U. (see figure 5.1)

Calculation by Monte-Carlo technique averaging over a 'snapshot' of 500
tunnelling events. Array has 22 junctions with a nominal Co/C = 0.1

Both Co & C values have a random (gaussian) fractional deviation applied
to each individual capacitance. Deviations are calculated anew for each trace,
which are offset by 0.25 for clarity.
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1
E = 52 (C3+4CCo)\2 (6.4)

Note that only one half of the potential barrier is shown. It is symmetrical about the

component anomaly.
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Fig 6.5 Graph of system energy versus soliton position for a junction array with a single
perturbed grounding capacitance. The grounding capacitance of electrode 20 in an otherwise
homogeneous 30 junction array is reduced to 20-100% of its original C, value. The array
has C,/C =0.1. System energy is calculated as a soliton is moved from electrode 10 — 20.

Energy is scaled to that of a lone soliton in an infinite junction array.
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Fig 6.6 Graph of system energy versus soliton position for a junction array with a single
perturbed junction capacitance. The junction capacitance of electrode 20 in an otherwise
homogeneous 30 junction array is reduced to 20-100% of its original C value. The array has
C,/C=0.1. System energy is calculated as a soliton is moved from electrode 10 — 20.

Energy is scaled to that of a lone soliton in an infinite junction array.

Comparing these results to the interaction of two real array solitons is instructive.
There, the system energy is also maximum when both solitons are simultaneously at
the same electrode. At this point a system energy of 4E is obtained. The decay of the
barrier with position is exponential with decay constant A (the inverse of soliton
length). In the above graphs the decay constant is 2A. This is a result of the potential

dependence of the effective charge (1-1)Cq0;.
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Thus component variation imposes additional potential structure in a tunnelling
junction array. This structure modifies the value of threshold voltages. However the
potential landscape can induce the movement of solitons until stability occurs.
Potential wells ‘plugged’ by excess electrons mean that a number of solitons can exist
even without external bias voltage. This self stabilising further suggests that tunnel-
ling junction arrays may be resistant to large fabrication variations in their param-
eters. However to test this fully we must consider results that are more applicable to
experiment than steady state soliton density.

Threshold Voltage as a Figure of Merit :

As noted in the previous section, the IV curve of a tunnelling junction array is simple
to model, as well as being applicable to experiment. However, although IV curves are
easily modelled for a specific array, they are unwieldy as a source of information
about comparative array quality. A single array can yield many widely differing IV
curves depending on bias conditions. A simple figure of merit would be useful in
considering such devices.

Experience comparing many sets of IV curves led to the choice of threshold voltage
at zero offset bias (i.e applied potentials at the ends of the array are equal and oppo-
site) as such a figure of merit. High Vinesh is generally favourable for practical
device operation. Even though component values in an array may be perturbed quite
radically, the threshold voltage will remain approximately constant if breakdown does
not occur. However, as larger component deviations induce the onset of breakdown,
the value of modelled threshold voltage is found to increase radically. Such an in-
crease would not be found in a physical system. Instead of developing an increased
Coulomb blockade voltage, the physical tunnelling junction array would become un-
stable with respect to component deviation. In the models such instability is charac-
terised by large jumps in threshold voltage (caused mathematically by exceptionally
small capacitance values in the array model).

Results of Threshold Voltage Calculations :

Figures 6.7 - 6.9 show the variation of threshold voltage versus component deviation
for various C,/C values of a 21 junction array. Arrays are studied where either

junction capacitance, grounding capacitance, or both components are varied.

From these graphs it can be seen that ;

» the highest stable Vresh values occur when grounding capacitances, C,, are small
compared with junction capacitances, C.

* At deviations of less then 30%, in the range 0.1 < C,/C < 10, tunnelling junction
arrays are found to be stable. When the deviations exceed 30%, either if both C
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and C, are varied, or if the variation occurs in the dominant capacitor type, the
threshold voltage values rise dramatically. This indicates the presence of very small
(< an order of magnitude smaller) capacitance values than average in the array,
which cause instability and breakdown of the correlated effect both in physical set-
ups, and in the modelled IV curves.

* At Cy> C, the threshold curves become noticeably more noisy. At these values,
Vihresh (proportional to the geometric mean of C,C,) becomes small, soliton ef-
fects in the array become weak, and the knee of the associated IV curves becomes
less pronounced. Small changes in the number of electrons moving through the
device due to the stochastic nature of the Monte Carlo modelling therefore have a

more noticeable effect on the position of Vihresh-

Other results not noted in these graphs include ;

* Further lowering of the temperature has little effect on the Vihresh curves. Any
effects occurring at higher temperatures are swamped by the breakdown of correla-
tion caused by that temperature rise itself.

» Correlation of capacitance values seems to have little effect on the point at which
deviation instability occurs. Initially the effect of alternating high and low C val-
ues was investigated, as might occur if misalignment occurred during device fabri-
cation. This failed to produce noticeable results - as did many other methods of in-
ducing component value correlation on the system, involving C’s, Cy’s, or combi-
nations of the two.

* Perturbing otherwise stable arrays by lowering or raising one particular capacitance
value in the array had little effect. This was the case whether that capacitance was in
the centre or at the edges of the array, or whether it was a grounding or junction ca-
pacitance. To have a noticeable effect, the capacitor value had to be raised or
lowered by an order of magnitude.

* The same stability conditions were found both in the 21 junction arrays considered
in figures 6.7 - 6.9, and in arrays with as few as 7 junctions. The nature of the mod-
elling program precluded smaller arrays from being tested.

Extensions of the Work :

There are a number of obvious extensions that could be made to the work on
tunnelling junction arrays.

Firstly, it would be interesting to consider the full capacitance matrix of such a
system. The present model includes only tunnelling and grounding capacitance.
Certainly the effect of non-tunnelling stray capacitance between next nearest neigh-
bour junctions should be considered. However, this could only be accomplished after
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accurate geometrical modelling of proposed experimental devices. Initial work in this
area by Asen Asenov is noted in §2.1.1.

Secondly, modelling of additional common experimental techniques might be per-
formed. The measurement of array frequency response under a.c. bias is an experi-
mental technique applied [49][121, Chapter 2], and theoretically considered [122,
123]. Some modelling work computing array spectra is under way. However present
algorithms are computationally exorbitant, and prone to round off errors.

Finally, the effect of stray charge in the vicinity of single electronic systems is

thought to be critical to their operation [81]. Such charge will be gated by strays to
array electrodes to give,

‘C¢i-l + (2C+C0)¢l - C¢i+l = Qi (65)

where Q; may now take on fractional values. The effect of such fractional charge
sets should be qualitatively similar to that of component variation. There are two
important differences between the two, however. Firstly, the Q; are independent of
electrode potential. The ‘virtual solitons’ produced will therefore have differing mag-
nitude and an exponential decay constant of A rather than 2A. Secondly, a single
external charge gated to a number of junction electrodes will produce a set of Q; far
more correlated in nature than considered in the work on component variations. These
differences mean that the detailed and quantitative effects of external charge may be
far different from that of component deviation. An analysis of system stability under
the influence of static external charge would be important. (Note that non-static
external charge is considered in §6.3.1, associated with system cross-talk.)

To summarise, we have extended the treatment of Bakhvalov et al. to include compo-
nent variation in tunnelling junction arrays. This better models real life devices. It was
found that such arrays are remarkably resistant to component variation, up to a stan-
dard deviation of approximately 30%. This is independent of whether component de-
viation is random or correlated. We repeat that for the hanging resist fabrication tech-
nique, estimates of variation in components of X1.25 Cjynction have been reported
[50]. The system is also resistant to extreme variation of a single component, no no-
ticeable effect being produced until that component is perturbed by over an order of
magnitude. Finally, it was noted that the best performance of such systems is obtained
with grounding capacitances C, << C. However, even for C,>> C, and with the

reduced Vipeesh that results, array stability remains for component values that vary
with deviation less then 30%.
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6.2 Gated Turnstile Devices

Results obtained from the study of gated turnstiling devices are recorded and dis-
cussed. We are especially interested in the frequency response of such devices, and
the area of control parameter space within which they operate. Two particular types of
turnstile are considered. The four junction gated turnstile was originally suggested by
Esteve and fabricated by Geerligs et al. [9, 10]. It is a simple system with the direc-
tion of electron flow solely governed by differential bias of the junction array.

A three phase device has been suggested by experimentalists at Glasgow [124] and
independently considered by Urbina and others [63, 109].

The equivalent circuit schematic of the modelled three phase device is shown in
figure 6.12. Its operation is described in detail in §6.2.2. The flow of electrons is
controlled by three gate voltages and as such, the device is expected to have advan-
tages over a single phase system. Three gate signals will give greater control of junc-
tion bias conditions, allowing flexibility in optimisation. Thus, better stability and
frequency response might be available. However such a system has greater complex-
ity and this may effect its area of operation in control parameter space. Calculation of
this area is considered in some detail. As with tunnelling junction arrays the effect of

component variation on device stability is also considered for the three phase
turnstile.

6.2.1 Simple Tumstile Devices

Figures 6.10 - 6.11 summarise the main results obtained from investigation of a sim-
ple four junction turnstile with tunnelling junctions of capacitance C, and tunnelling
resistance R,. In figure 6.10 a gating capacitance of Cg = C/2 is assumed, and the
turnstile is biased close to the centre of its area of operation in V4,Vg space (values
of Vo =-Vg=-0.35V/(e/C), and Vg=0,-2.0 V/(e/C) were used). Ideal conditions
were assumed, ignoring thermal fluctuations and macroscopic quantum tunnelling.

Frequency Response :

Figure 6.10 shows that at low frequencies the device does act as an electron turnstile.
However as frequency is raised towards the critical value fcit = 1/CR,, typical tun-
nelling times become comparable with the period of the driving signal T = 1/f.
Imperfect device operation results. From figure 6.10 it can be seen that a 1% error
rate corresponds to f = fc¢/5. This places limits on the speed of proposed logic cir-

cuits based on single electron effects, and on the use of such a system as an <i>=ef
current standard.
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Fig 6.10 Graph of number of clocked electrons versus clocking frequency
for a gated turnstile device running over 1000 characteristic time periods CR;
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'Detailed Model' calculations are from the Monte Carlo model, while the
'Simplified Model' is based on a linear programming approach.
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The modelled data of figure 6.10 is only accurate to 0.1%. However at approximately
these levels of accuracy macroscopic quantum tunnelling and other dissipative effects
come into play for the double junctions of many real systems [48, 50].

Due to the symmetry of this system, it is also possible to easily derive the T — 0,
non-MQT accuracy of the turnstile analytically. For electron injection there are two
possible sets of tunnelling processes. In the first, an electron tunnels from the source,
via electrode 1 of figure 5.3, to the central electrode - the obvious route. In the second,
tunnelling across C, occurs first, producing an ‘electron-hole’ pair. Then a tunnell-
ing event across C; annihilates the hole. Both of these routes are equally likely, and
have the same set of tunnelling probabilities I'j,I"; for first and second events. For

the above bias conditions,

1 1
In=0.35 CR, I3=0.51 CR, (6.6)
(Electron ejection has identical I';,I';.) Using P(t) = 1 —exp (-I't) as the probability
of the next tunnelling event occurring at time t, the probable total time of electron
injection can be calculated. This integrates to give the probability of electron injection

occurring before the gate voltage changes,

I
Ix-1y)

T Lp) T
=) = T2)-1
P(t<3) (H-Fz)[exP( i3) ]+

[exp(-Fg - 1] (6.7)

which gives the error rate for arbitrary driving frequency f= 1/1. Although not
shown graphically, this analytical result agrees with the Monte Carlo simulation result
shown in figure 6.10.

Operating Area in Control Parameter Space :

Figure 6.11 shows the legal area of T — 0 operation of the turnstile in control
parameter space (Va, Vg space). This is shown as a function of the ratio Cg/C. The
broken curve is calculated using the linear programming technique, while the solid
curve is obtained from a purely Monte Carlo model. Each data point on the Monte
Carlo curve required calculation of several hundred points in V4,Vg space - testing

repeatedly for perfect turnstiling action.

As expected, the area of turnstiling is in inverse proportion to the value of gate
capacitance. The system is governed by the fractional control charge q. on the
central electrode, produced in the main by the gate voltage Vg acting through Cg.
As Cg is reduced, the magnitude of qc becomes less sensitive to Vg and so
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turnstiling will occur over a greater range of Vg values. This is clearly shown in
figure 6.11.

Note the difference between the results of the linear programming and Monte Carlo
models at low Cg. Although originally thought to be a computational artifact caused
by pixellation errors in the Monte Carlo plots, this discrepancy was actually due to
oversimplification of the linear programming model. The model assumed that perfect
turnstiling was governed only by the events described in figures 5.6-7. However at
low Cg it was found that alternate events may become critical, and these make per-
fect turnstiling is less likely to occur. This is a problem of great importance when
dealing with complex systems. Under certain bias conditions a number of different
event sets can lead to the same overall system state. This problem will be more clearly
appreciated as the three phase turnstiling device is considered.

6.2.2 3-Phase Tumnstile Devices

To aid in the analysis of such systems, some simplifying assumptions are made. Only
symmetrical devices are dealt with; with the outer junction capacitances Couj
identical, outer gate capacitances Cous identical, and so on. The equivalent circuit
schematic of such a 3-phase turnstile is shown in figure 6.14. Secondly, we assume
unless otherwise noted, that gate voltages swing from Vi =0 to their Vy values.
Finally turnstile Cg values are only allowed to vary from C/10 — 10C. Itis
assumed that gating capacitances smaller than C/10 are physically impracticable,
while very large Cg values give negligibly small areas of legal turnstiling.

Calculation of Legal Turnstiling Area :

Figures 6.12 show the important tunnelling events that govern the operation of the
three phase tunnelling device of figure 6.14. These are the only events that need be
considered as long as any component value varies by less than an order of magnitude
from nominal capacitance C.

The seven critical allowed and disallowed state transitions were distilled from a large
number of possible state transitions by iterative application of the Monte Carlo and
linear programming techniques. Initial guesses, based on experience of other systems,
were plotted by the linear programming method. Then the Monte Carlo modelling of
particular points in parameter space was used to refine these guesses.

Figure 6.13 shows some of the plots produced. A large number of Monte Carlo points
are used to show the close correlation between the two methods. In practice, fewer
test points are needed to predict which state transitions prove critical to correct device
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Fig 6.12 The following schematics describe the important tunnelling events which
govern the operation of a three-phase gated turnstile.
The reference numbers 1...7 correlate with similarly numbered lines on the graph of

legal turnstiling area in VA, VH space of figure 6.13. Each event corresponds to an
associated bounding line of the legal turnstiling area.
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Fig 6.13 Plots of legal operating area in control parameter space for a
three-phase gated turnstile device. The device modelled is that of figure 6.12.

In all the figures, parameters Coutj = C, Cinnj = C/10, Cinns = C have been used,
with Couts varied for each plot.

The ‘circles' were produced by successive runs of the Monte Carlo modelling
program at differing VA, VH, testing in turn whether perfect turnstiling action
occurred.

The lines are formed by the linear programming model. Labelling numbers
beside each line refer to the critical events of figure 6.12 which define their
position.



operation. Linear programming assumes T — 0, while the Monte Carlo points were
calculated at B = TJT =30. Turnstiling accuracy is determined over 1000 time
periods, each some 100 times longer than the characteristic time period CR,.

The degradation of turnstiling for small (V) bias voltages can easily be seen as a
discrepancy between the Monte Carlo and linear programming results. At small bias
voltages, junctions are operating with applied charge close to their critical charge.
This means that thermal fluctuations are more likely to cause errors in operation.
Also, tunnelling rates are reduced. Thus correct operation will only occur at low
frequencies. In practical circuits a trade off between such errors and the greater self
heating of devices operated at higher bias voltages [109] must be made.

At very high (Va) bias conditions, errors in turnstiling are generally associated with
system breakdown. Such bias conditions (aided by thermal fluctuations) raise the
Coulomb blockade of junctions allowing electron avalanche and dramatic degradation

in system performance.

Degeneracy of State Transition Sets :

This high bias region of Figure 6.13d is of particular interest. Here turnstiling occurs
in two distinct regions of Vy. A more detailed look at the way electrons are trans-
ported through the turnstile shows that different sets of state transitions can lead to
identical final results. The state transition sets are degenerate. For instance if

[ X X X] represents the number of excess electrons in the three central electrodes of
a three phase turnstile, then the following state transitions are all effectively identical.
Each represents the transfer of an electronic charge from source V, to sink Vp.

[000) = [100] = [010] — [001] = [000] electron transfer
[000] = [00-1] = [0-10] = [-100] = [000] hole transfer
[000] & [0-11] = [0-10] > [100] = [000] e-hcreation
[000] » [110] = [010] = [001] = [000] e-hcreation

In the plots of figure 6.13 the major transport process is found to be direct electron
transfer. However current is also carried by a minority e-h creation process. In the
plot of figure 6.13d, particular component values and high bias produce regions of
legal turnstiling where the two types of process are separated. The lower region of the
‘V’ conducts through electron transfer, the upper through e-h creation.

Note that for device component values < C/10 or > 10C other allowed and
disallowed state transitions may be found to be critical.
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Comparison of Simple and 3-Phase Turnstile :

Figure 6.15 shows the frequency response of a three phase turnstile and compares it to
that of a simple four junction device. The curves are taken at T — 0. Both turnstiles
have junction capacitances C and gating capacitances C/2. It is impossible to com-
pare devices with equal junction capacitances and voltage biases, for each acts as a
turnstile at differing bias points. Therefore each plot is representative of a class of
device; we compare two turnstiles with equivalent component values operating in the
middle of their respective ranges. Note that the critical time periods are T = 1/2f,

AT = 1/3f for the simple and 3-phase turnstiles respectively. Thus in a given time
only 2/3 of the electrons transferred by the two phase device will be transferred by the
three phase device - even though both systems have the same number of tunnelling

junctions.

Ignoring this handicap of 2/3, the three phase device does have a high frequency ad-
vantage because of its ability to bias the tunnelling junctions more effectively. This,
however, is only a factor of some 20%. Including the 2/3 handicap puts the three
phase turnstile at a disadvantage. The 3-phase turnstile does bias its tunnelling junc-
tions closer to their critical values for its unhandicapped 20% improvement in fre-
quency response, however. Thus it may be of use in applications for which ultra low

device self heating is crucial.

Another disadvantage of the 3-phase turnstile is its smaller operating area in control
parameter space (compare figure 6.11 with figures 6.16-17). This is a result of its ex-
tra complexity. One reason for investigating this system was the possibility of greater
control over bias voltages. It was thought that large gate voltages could increase elec-
tron tunnelling rates and therefore operating speed. However because of the smaller
operating area, the practical effect of large gating voltages is to produce electron

avalanche, destroying any turnstiling action.

Area of Operation Under Component Deviation :

Figures 6.16 - 6.17 graph the calculated area of turnstiling action of a 3-phase device
for a large range of component capacitance values. Figure 6.16 gives these areas for
VL =0.0 V/(e/C), the low voltage gate bias used in previous turnstiling results.
Figure 6.17 gives the same results with Vi, = 0.2 V/(e/C), at which the largest areas
of turnstiling action can be obtained for a given C. Small improvements in turnstiling

area can be made by varying this V|, value.

The other main conclusions drawn from these graphs are threefold. Firstly, as with the
simple turnstile, large areas of operating area require small gating capacitances.
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Fig 6.14 Schematic of three phase turnstile device, showing the time dependance
and magnitude of gating potentials.
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Fig 6.15 Graph of transferred electrons through simple and three phase turnstiles
versus fraction of junction critical frequency.

For these calculations devices have junction capacitances C, gating capacitances C/2.

Bias voltages on the simple device are +0.2 V/(e/C), with gate cycling between 0.0,
-2.0 V/(e/C). Bias voltages on the three phase device are 30.225 V/(e/C), with gate
cycling between 0.0,-1.2 V/(e/C).

'Three Phase Modified' plot is 3/2 times that of the unmodified graph (accounting for
differing overall throughput times) to ease comparison.
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Secondly, unless the condition Couts > Cinns is met, no turnstiling will occur. Without
this condition, an electron tunnelling from the voltage source into the first electrode
will not be able to tunnel further unless the forward bias is so large that system break-
down happens. Finally, given Cous > Cinns, the system is most sensitive to changes
in Coys. Variation in outer gating capacitance will effect device performance to a
somewhat greater extent than similar changes in inner gating capacitances or junction
capacitances themselves. Thus in fabrication, particular attention should be paid to
ensuring close control over outer gating capacitances.

Summary :

We have compared the operation of both simple and 3-phase, four junction turnstiles.
Although initially it was thought that the 3-phase device would be preferable, our
models show this not to be the case. Under typical operating conditions the 3-phase
device does not exhibit a frequency response advantage. Also, in real multi-junction
systems deviation in component values due to fabrication errors is unavoidable. Such
component deviation will perturb the area of turnstiling. Therefore a large nominal
area of operation for any device is important in the construction of multi-device sys-
tems - to allow a tolerance to component deviation. For given component values, the
simple four junction turnstile allows the largest area of stable operation.

Some preliminary work on the effect of component variation on a 3-phase turnstile
has been completed, considering a symmetrical system. Investigations are underway
into general component deviations in a simple turnstile, as was done for tunnelling
junction arrays in §6.1.2. Both systems with two buffer junctions to source (i.e the
device above) and multiple junctions buffering to source require study. As noted

above, such multiple junction buffers should act as a barrier to macroscopic quantum
tunnelling effects.
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6.3 Coupled Junction Arrays

6.3.1 Reasons For Studying Coupled Systems

As noted above, a critical concern in the design of more complex single electronic
systems is their sensitivity to external charge. This sensitivity is the reason such
systems are suggested as accurate electrometers [8, 11]. The effect of static external
charge was discussed in §6.1.2. The similarity between such effects and those of
component variation in a tunnelling junction array were noted. The work of §6.1.2
suggests that arrays of junctions may have characteristic structural immunity to static
charge.

The effect of non-static charge (e.g trapping/detrapping of electrons in semiconductor
systems) is liable to be much more serious as a ‘killer effect’ in single electronic sys-
tems. The important turnstiling action discussed in §6.2 relies on a gate voltage vary-
ing the fractional charge on one or more electrodes of a tunnelling junction array.
This is similar to the modification of electrode charge that would occur as the result of
a trapping/detrapping electron coupled to it by system strays. The success of gated
turnstile devices as controllers of electron flow underlines the problem of external
non-static charge. Such problems can only be eliminated by careful system shielding
and fabrication technologies which reduce to a minimum the presence of charge traps.
Another final source of non-static charge - impossible to counteract externally - is the
effect of charge flow in one part of an extended system coupled to other parts by stray
capacitance. Cross-talk is a serious potential obstacle for the development of practical
capacitive circuits, and merits considerable study. Results on the sensitivity of sys-
tems to cross-talk immediately define maximum device densities for practical fabri-
cation approaches, and give indications of whether further isolation than simple de-
vice distance is needed. Such isolation may be difficult to construct for ultra small
devices, and its need should be avoided if possible.

As a start to the study of cross-talk in single electronic systems, two types of capaci-
tively linked device are considered. Firstly, coupled tunnelling junction arrays are
modelled. Then simple coupling of four junction turnstiles is studied.
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6.32 Coupled Tunnelling Junction Arrays

Model Under Study :

In studying coupled junction arrays, a specific system is modelled - a set of parallel
6-junction arrays fabricated using a Schottky dot on silicon, lateral metal-semicon-
ductor-metal approach [60]. Although the fabricated device has six parallel arrays,
only the results for two arrays linked by capacitive strays are presented. No new
results are seen on scaling up the model. As the original purpose behind this area of
work was to provide predictions of device operation for the experimental group fabri-
cating this device, we concentrate on its [V characteristics.

A schematic of the modelled system is shown in figure 6.18, and consists of two,
6-junction tunnelling arrays and the addition of ‘nearest electrode’ coupling strays.
This gives a first order approximation to the full capacitance matrix of such a system.
Estimations of junction capacitances and grounding strays were made using the best
approximation available at the time - the 2D simulation originally designed for use on
MESFETs and HEMTs [82]. These results are discussed in Chapter 3 and give
C=3.2aF and Cgound = 6.0 aF. This gives a critical temperature of device opera-
tion of T¢ =290 K. The results of applying modelling tools to this system are shown
in figures 6.19 - 6.21.

Results of Temperature Variation - Minimal Cross-talk :

An initial result of use to the experimentalists working on this device was the predic-
tion of IV characteristics as a function of temperature. These show whether a critical
temperature of 290 K would allow useful experimental measurements at liquid
nitrogen temperatures. Figure 6.19 shows the predicted IV curve for the system with
small stray capacitance (i.e minimal cross-talk) at approximately liquid nitrogen, liq-
uid helium and ultra low temperatures. From array theory above, a threshold voltage
of Vinresh = 0.19 V/(e/C) and soliton length of A-1 =0.78 junctions are calculated.
With such short soliton length the arrays are not expected to perfectly follow a theory

built around the concept of extended solitons.

It can immediately be seen that at temperatures around that of liquid helium and be-
low, the system exhibits clear Coulomb blockade characteristics. However thermal
fluctuations at 77K effectively destroy the blockade. The modelled threshold voltage
agrees well with the theory presented above. Experimentally therefore, temperatures
of approximately 4 K should be adequate to investigate the linked array system.

Effects of Finite Cross-talk :

Figures 6.20 and 6.21 show the asymptotic and blockade region views of the linked
arrays at low (i.e below 4 K) temperatures, but with a variation of stray coupling
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Fig 6.18 Schematic of two tunnelling junction arrays, linked by stray
capacitance, and including stray or gating capacitance to ground.
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Fig 6.19 IV Curves for two linked arrays of six junctions showing temperature variation.

Device has grounding capacitances 2C, and strays linking the arrays of 10 C. Junction
capacitance C is estimated by geometrical modelling (see §3.3.1) and corresponds to a
critical temperature of 290K.

Curves are calculated over 3x104 events, approximately 2500 electrons transferred.
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Device has grounding capacitances 2C, and junction capacitances C (estimated by
geometrical modelling and corresponding to a critical temperature of 290K).
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Curves are calculated from 2x104 events, approximately 1700 electrons transferred.



capacitance. Strays from 104 C (which should give minimal cross-talk and indepen-
dent array action) to 10*4 C were considered.

First, and most obviously, large array coupling capacitance does have a marked effect
on IV characteristics - both asymptotically and in the blockade region. Asymptotic-
ally the blockade offset voltage is reduced from approximately 0.5 V/(e/C) with
minimal strays, to approximately 0.25 V/(e/C) at Cgay = 10*4 C. At such high
coupling capacitances, the two arrays are highly correlated, and to all intents act as
one. In the blockade region, Ve is also reduced by the effect of large coupling
strays, from approximately 0.15 V/(e/C) to 0.10 V/(e/C).

The second important result from these graphs is the magnitude of Cgyay required to
produce such effects. Over the range 104 < Cgray < 100 there is only a small varia-
tion in offset voltage, and very little change in threshold voltage. The larger changes
in device operation occur only when Cgiray > Cjunction- This result is borne out by
similarly collected data for other Cgray/C values. In practice, this means that if stray
capacitances can be kept smaller than junction capacitances, the strays should have
little effect on average current flow in a tunnelling junction array. In particular, they
should have minimal effect on the threshold voltage of the array.

The detailed, discrete nature of current flow in these coupled arrays makes analysis
difficult. This was the main reason for choosing to model their operation. However at
high voltage and average current flows it is possible to make simplifying assumptions
that allow some direct analysis - particularly of the asymptotic offset voltage, Vot
For a single junction array, with C, — 0, the offset voltage can be obtained by com-

paring junction critical charges with the average charge across each junction. For an
N junction array,

C N-1 Cv
Cao=ng = Q@=5(%) Q=% (6.8)

Setting Qc = Quve gives,  Vorr =55 (N-1) (6.9)

For a single junction array with finite C,, a similar process can be followed. The
effective capacitances (and therefore critical charges) of junctions will however vary
throughout the array. If the effective capacitance of a C/C, ‘ladder’ of n rungs is
known to be f;, then these can easily be obtained (see Appendix F, Effective Capaci-

tance of Ladder Circuits). The maximum and minimum effective impedances of an N
junction array will then be,
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An average of these allows a good estimate of Vo which applies for all N, A. This
is in contrast to the limited (and incorrect) estimation formula stated in [11].

Results for the asymptotic response of linked arrays can be obtained similarly. Ap-
pendix F gives formulae for linked N junction arrays where C, — 0. However for
more complex systems it was found simplest to use the Thévenin calculation routines
of the General Network Solver. Figure 6.22 graphs critical charges for junctions of
the above modelled array, where N =6, Cy/C =2. From this graph the limiting off-
set voltages of the system are calculated at Vi, = 0.26 V/(e/C) and

Vmax = 0.52 V/(e/C), in agreement with the modelled results.

Junction 3

Junction 2

Critical Charge Qcritical / e

0.15 -
0.1 - Junction 1
’ (end junctions)
0.05 T T T T T

1E-02 1E-01 1E+00 1E+01 1E+02 1E+03

Stray Capacitance Value Cstray /C

Fig 6.22 Graph of junction critical charge versus stray linking capacitance
for a pair of six junction arrays with C,/C = 2. Symmetry means that only
three junctions need be considered when calculating such charges.

These results of course only apply to the IV characteristics of tunnelling junction
arrays. Such systems operate without the need for accurate control of single electrons,
dealing only with average electron flow. However these results do imply that junction
arrays are remarkably resistant to the effects of capacitive strays, as well as those of

component variation.
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6.4 Coupled Gated Turnstiles

Attention is now turned to devices which do require the accurate control of single
electrons, and may therefore be less resistant to coupling strays. We consider turn-
stiling devices, and in particular the four junction gated turnstile of §6.3. The results
of §6.3 imply that such a turnstile will be an important component of practical single
electronic systems. The conditions of coupling under which ideal turnstiling is al-
lowed are considered. The accuracy of such coupled systems in transferring more
realistic streams of electrons is also considered. The accurate transmission of such

bitstreams is vital if real data processing is to be achieved.

6.4.1 Coupled Four-Junction Turnstiles

Modelled System :

A schematic of the system investigated is shown in figure 6.23. It consists of two
four-junction turnstiles linked by a simple set of ‘nearest electrode’ stray capaci-
tances. (Note that in figure 6.23 both top and bottom stray capacitances are super-
fluous due to the ground line.) To aid comparison, the turnstiles themselves use the
same components as those of §6.3. These have constant junction capacitance C, and
gate capacitance C/2. The choice of gate capacitance is a trade off between operating
area in control parameter space and the difficulties of practical fabrication. Each
turnstile of the system is biased by the same V, and range of Vg. By changing the
sign of the bias potentials on the second turnstile it is possible to consider electron

flow both parallel and anti-parallel to flow in the first turnstile.

Figure 6.25 shows initial results of modelling the system of figure 6.23. The fre-
quency response of each turnstile is calculated over 104 periods of Vg. Both turn-
stiles are biased at V5 =0.2 V/(e/C), Vg =0.0,-2.0 V/(e/C). This is well within the
legal area of turnstiling operation for an uncoupled turnstile. Superimposed on these
traces is the response of such an uncoupled turnstile, which indeed shows ideal
response at low frequency. Large coupling capacitances of 104 C are used for the
plotted results. Results were also obtained for smaller values of Cg, and these tend to
the uncoupled response as Cg is reduced.

Two general conclusions can be drawn from these results. Firstly, as expected, the
inclusion of strays modifies the legal operating area of each turnstile. In this case, the
area is modified so much that our experimental bias points now fall outside, and im-
perfect turnstiling occurs. Secondly, the system symmetry is broken. This cannot be
explained only by a change in turnstiling area. Such a change effects both turnstiles
equally, for both parallel or antiparallel electron flow. Here there is a 5% difference
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Fig 6.23 Schematic of 2-phase, four junction gated turnstiles linked by stray
capacitance and driven by separate bias voltages. Second turnstile can be driven
so that electron flow is parallel or anti-parallel to electron flow in the first.
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Fig 6.25 Graphs of transferred electrons through two linked, four junction
gated turnstiles versus fraction of junction critical frequency. Solid line is
result from lone device, dashed lines are the results from devices in proximity.

Top graph deals with parallel electron flow, bottom graph with antiparallel flow.
Turnstile junction capacitances C, gate capacitances C/2, linking strays 104C.
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Fig 6.26 Plots of legal operating area in control parameter space for capacitively
linked 2-phase gated turnstile devices. The devices are those of figure 6.23.

Both figures have junction capacitances C, gating capacitances C/2, and strays
linking the two devices of C/10.

The ‘circles' were produced by successive runs of the Monte Carlo modelling
program at differing VA, VG, testing in turn whether perfect turnstiling action
occurred. Filled circles represent perfect turnstiling action, open circles represent
perfect turnstiling action minus one electron. Only the electrons driven through
one of the two devices are recorded.

The heavy lines are formed by the linear programming model. Labelling letters
beside each line refer to the defining events of figure 5.6. Hairlines take into
account the possibility of single electrons present in the opposing turnstile.



in the flow through two identical devices. Under parallel flow both turnstiles show
less than perfect action, while for antiparallel flow the devices are pushed past break-

down.

Analysis of Results :

To further analyse the modification of operating area with respect to system strays,
the concept of critical charge is used. As noted above, the charge needed across a
junction to cause tunnelling is dependant on both the junction capacitance and the
effective impedance of the rest of the circuit. As the external circuit of a junction is
varied (by introducing strays) its critical charges will also vary. We expect changes in
the action of a system to be proportionate to changes in these critical charges.

For the system of figure 6.23, the change in critical charge can be trivially obtained

from circuit parameters; for outer junctions,

o i(l6+643+7552+24s3) 6.11)
Qerit = 24\ "4 + 13s + 1252 + 353 '

where s is a parameter defined by Cs = C/s. This formula is more enlightening at
limiting values of s. For Cs < 10-! C, for instance, it approximates to,

7
Qerit = %(l —g) (6.12)

Thus at low coupling capacitance the change in critical charge is proportional to the
magnitude of the coupling. (For this system the constant of proportionality is a func-
tion of gating capacitance.)

However, the simplest way to investigate qcr;¢ is use the critical charge calculation
module of the general network solver to graph their value against Cs. This is done
in figure 6.24. For low Cg all critical charges are gt = e/3, butas Cgs is increased
Qerit — €/6, reducing the legal area of turnstile operation, by allowing more oppor-

tunity for turnstile breakdown for a given set of bias voltages.

Linear programming results based on these critical charge values are shown in

figure 6.26 (for strays Cg = C/10, the point where major change in critical charges is
starting to occur). Overlaid on these graphs are Monte Carlo plots of legal turnstiling
area. Comparison of figures 6.26 and 5.7 shows the reduction of legal turnstiling area
caused by the modification of system critical charge values.

Greater insight into system symmetry breaking can also be gleaned from figure 6.26.
Firstly note that the Monte Carlo data contains points where perfect turnstiling action
occurs, and where one electron is lost. Further modelling shows that for these points,
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one electron is lost independent of the number of electrons finally transferred. The
immediate implication is of an electron being ‘lodged’ at a particular device elec-
trode. Such an electron may perturb the potential map of the system, ‘locking’ itself
in position, and effecting the remaining electron flow through both turnstiles. This is
one clear possible source of symmetry breaking with random chance determining
which turnstile first has an electron lodge in its structure.

Secondly, note the discrepancy between the Monte Carlo modelled area of turnstiling
action and that indicated by the linear programming technique. The Monte Carlo
areas follow the critical boundaries of the linear programming technique, but are
offset from them. This suggests normal turnstiling - perturbed by a fractional charge
caused by the charge configuration of the other operating turnstile.

Modification of the linear programming boundaries of one turnstile due to an electron
trapped on an opposing turnstile can be calculated by the modelling program. This
was done and the best fit results are shown as hairlines overlaid on figure 6.26. It is
found that no one opposing electron configuration reproduces the Monte Carlo data.
For instance, in parallel electron flow, line C of figure 6.26 is modified to fit the
Monte Carlo data when a single excess electron occupies electrode 1. Line D fits
when the electron occupies electrode 2 (the central electrode). However all the fitting
configurations represent situations of normal electron flow in the opposing device.
This indicates another possible source of system symmetry breaking. Instead of a
single electron lodged at one device electrode, one turnstile may be lodged into a
particular set of state transitions for electron transfer. The charge configurations of
these state transitions would then directly effect the probability of electron transfers in
the opposing turnstile - thus altering the current through that device.

From the results of figures 6.24 and 6.26 then, a more detailed explanation of the re-
sponses of figure 6.25 can be given. At Cs = 104 C the ‘iris’ of linear programming
lines formed by the area of turnstiling action has been reduced until the bias points of
the two turnstiles are in areas of imperfect turnstiling. The first random tunnelling
events in the system may induce an electron to lodge in one of the turnstiles. More
likely, they will give events in one turnstile a self perpetuating priority. Since the
system is in breakdown (i.e electron flow is a combination of blockaded and non-
blockaded effects) this will change the transmisston coefficient of each device. The
result will be differing numbers of transmitted electrons through each side of the sys-
tem in a given time. Finally, the differing charge configurations experienced by each
turnstile as the other is biased for parallel or antiparallel electron flow will modify
both non-ideal transmission coefficients and the parameters under which ideal turn-

stiling action is seen.
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For practical systems we are less interested in coupling effects than in the conditions
under which they can be avoided. A simple approach would modify each of the event
lines bounding the area of ideal operation of a system according to all possible cou-
pled charge configurations. The minimum resultant area is sure to give stable opera-
tion. However this would unnecessarily restrict the area of ideal operation. Work is in

progress to develop a scheme for choosing appropriate boundary events automati-
cally.

6.4.2 Bit Error Rates in Coupled Turnstiles

The above results deal with single electron devices that clock a controlled number of
excess electrons from source to drain via applied gate frequency. Such systems are of
interest as electrometers. However for use in digital systems, the ability to cope accu-
rately with more realistic bit patterns (presence and absence of excess electrons) is
necessary.

Description of Results :

As a first step in investigating such information flow, the circuit of figure 6.23 is again
considered. A ‘1’ can be injected into the turnstile by biasing V, at some level over
the period of turnstiling (controlled by the frequency of square wave applied to Vg).
A ‘O’ can be injected by biasing V5 =0 over the same period. If an appropriate ‘1’
or ‘0’ is ejected from the turnstile at the end of this period then we may consider the
bit to have been transferred successfully. In these experiments a pseudo-random bit-
stream with an equal proportion of ‘1’s & ‘0’s was used.

Results of investigating bit error rates are shown in figures 6.27 - 6.29. Bias condi-
tions both at the centre of the device turnstiling area, and in the areas of imperfect
turnstiling, are considered. Unless noted otherwise, both turnstiles are active when the

measurements are taken. However data is only collected from one turnstile.

Figure 6.27 show the number of successfully transferred bits through a coupled turn-
stile with bias conditions around the boundary line ‘C’ of figure 6.26. The solid trace
[0.21,-2.3] is well within the perfect turnstiling area of a device only transmitting
‘I’s. Successive traces are closer to the boundary, with the final one [0.15,-2.6] out-
side it. The hairline trace [0.23,-2.1] is biased in the centre of the legal turnstiling
area (again for a device only transmitting ‘1’s). It is immediately obvious that it is
more difficult to perfectly transmit a random bitstream. This is because additional
possible device states must now be considered, some of which lead to imperfect
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transmission. Thus even at coupling capacitance values of < 104 C perfect turnstil-
ing action has already broken down, unless the device is biased centrally.

Two other structures are also evident in the traces. Firstly, below Cg= C, the drop in
correctly transferred bits is smooth and overlaid with regular peaks. The position of
these peaks varies with bias. They are most clearly seen on the traces of parallel elec-
tron motion. Secondly, between C < Cg < 10C, a large peak is seen, both in the
graphs of parallel and antiparallel electron motion.

Analysis :

For an explanation of the large peak between C < Cg < 10C, again consider figure
6.26. Here the area marked out by lines ‘A’ to ‘D’ represent perfect turnstiling, with
one electron clocked through in a single time period. There are geometrically similar
areas mapped out for larger values of Vg. In these regions Vg is large enough to
avalanche a number of electrons into the central electrode of the device during the
electron input phase. On average the current through the device remains the same,
controlled by V. However detailed control of electrons is lost. Once such control is
lost, the boundaries of successive regions (increasing V) define a modulation of the
transmission coefficient of real bitstreams. In each successive region a greater number
of sets of state transitions are possible, and the magnitude of modulation is less
pronounced.

In figure 6.27, the increased stray capacitance produces a drop in qcr¢ values from
1/3 to 1/6. To first order, this is equivalent to halving the scale of the Vg axis. This
moves the device bias point out of an area of detailed control into the next similar
area of higher Vg. As the bias point moves through this area, the modulation peak
between C & 10C is produced.

The smaller modulations of the fall-off traces of figure 6.27 are the result of different
phenomena. As noted above, various sets of state transitions may produce the same
effect - one bit moving through the turnstile. Which of these conduction routes pre-
dominates depends on bias and coupling conditions.

As an example, for the system of figure 6.23 with turnstiles biased at [0.23,-2.1] and
[0,0] respectively (i.e [Va,Vg] scaled to 1/(e/C) ) there are two main electron con-

duction paths. Which path is taken depends on the first state transition. The nor-
malised probability of the transition [0,0,0] — [1,0,0] can be calculated as,

_ 124275 + 1752 + 653
107 24+ 11s + 952 + 3s3)

r (6.13)

while the contribution of the transition [0,0,0] — [-1,1,0] is,
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_ (1 +58)(4+13s +652)
1= 44+ 11s + 952 + 353)

I. (6.14)
(s is given by by Cg= C/s ). These results assume no excess electrons in the oppo-
site turnstile. At very low coupling capacitance there is a 50% probability of either
event occurring, and both lead to perfect electron transfer. At the point where s is
low enough to negate this simple analysis, the [0,0,0] — [1,0,0] transition will occur
57% of the time.

If effects from the second turnstile are ignored, and only transmission of ‘1’s is as-
sumed, then both the above conduction paths are equally valid. In more realistic
circumstances, one of the paths will be more likely to lead to perfect transmission.
Thus as coupling capacitance is varied, both the probability of a given conduction
path occurring and its chance of leading to perfect bit transmission varies. The
structure associated with the fall-off traces of figure 6.27 is caused by the interplay of
a number of such differing conduction paths.

Accuracy for Small Cg:

A problem of practical importance is turnstiling at low coupling capacitance, where
real devices must operate. Figures 6.28 and 6.29 show results of experiments on turn-
stile accuracy under such conditions. Figure 6.28 gives the number of accurately
transferred bits for a turnstile biased in the centre of its area of turnstiling operation.
Two traces are shown, one where the opposing turnstile is active, and the other with a
zero biased or passive turnstile. (Excess electrons induced in this passive turnstile are
included in the model.) Note that in each case only the accuracy of the initial turnstile
is considered. Figure 6.29 expands the active trace of figure 6.28. The fractional
bitstream error is plotted, with up to 106 bits modelled to obtain accuracy.

The modelling indicates that for a fractional error in the bitstream y, and stray
capacitance value x=1/s, then x obeys a power law for low coupling. Specifically,
with the second turnstile active,

y = (0.32140.04) x(1.0910.05) (6.15)
And with the second turnstile passive,
y = (71.019.0) x(1.75+0.05) (6.16)

The results of §6.4.1 suggest that at low coupling, turnstile accuracy should be
proportional to the magnitude of coupling. Work is ongoing to further develop the
detailed analytical link between coupling capacitance and bitstream accuracy.
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Fig 6.28 Graph of bitstream accuracy of a four junction gated turnstile
linked to another through a simple model of stray capacitance (see figure 6.23).

A random (50% '1's and '0's) pattern of 10000 bits is presented to the input of the
turnstile, and the number of correctly transferred bits measured. Calculations making
up the ‘active’ plot have a seperate random bitstream in the second device, whereas for
the 'passive' plot the second device has bias potentials held at 0 V/(e/C). Antiparallel
bitstream flow is assumed.

Turnstile junction capacitances C, gate capacitances C/2, bias potentials of 30.23
V/(e/C) and gate potentials of 0,-2.1 V/(e/C).
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Fig 6.29 Graph of bitstream accuracy of a four junction gated turnstile
linked to another active turnstile by a simple model of stray capacitance.
Plot shows the response for small stray capacitances.
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6.5 Summary

Simulation tools have been applied in the investigation of a number of single elec-
tronic systems. Efforts were concentrated on tunnelling junction arrays and gated
turnstiles as the basic building blocks of such systems. Two practical sources of op-

erating imperfection were considered - component deviation and interdevice coupling.

It was found that tunnelling junction arrays are remarkably resilient to component
variation. Whether random or correlated, such variation has little effect on practical
arrays unless a deviation of greater than 30% is applied. As a result of this structural
resilience, junction arrays are also expected to be far more resistant to the presence of
external static charge than single junctions. Performance of an array is at its best
when the relationship between junction and grounding strays is Cg << Cj.

Cross-talk in tunnelling junction arrays was investigated through modelling of a sys-
tem presently under fabrication. It was found that when coupling strays were smaller
than the other components of the array ( Cs << Cg,Cj) then there was little change
in system characteristics from the uncoupled state.

Gated turnstile devices - which exert control over transmitted bitstreams - are more
sensitive to both component variation and interdevice coupling. This sensitivity is
exhibited as a reduction in the legal turnstiling area in control parameter space. The
turnstiling area is reduced by the effect of coupling capacitance on system critical
charges, and by charge tunnelling in other parts of the system. These effects are
complex - intrinsically as complex as the number of possible system states. However
some insight into their nature was achieved by use of the Monte Carlo and linear pro-
gramming tools developed in Chapter 4.

Small gating capacitances are crucial to optimising turnstile operation. They allow the
greatest are of operation in control parameter space. Resilience to component varia-
tion is then achieved by biasing devices in the centre of this area. It has been pre-
dicted that three phase tunnelling devices (often referred to as electron pumps) would
allow the turnstiling process to be further optimised. In practical systems, however,
their extra complexity reduces their effectiveness compared with single-phase
devices.

Error rates in bitstreams transmitted through coupled gated turnstiles were investi-
gated. For the four junction gated turnstile, bit transmission errors are approximately
proportional to interdevice coupling capacitance at low coupling, Cs < Cy/10.
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CHAPTER 7 CONCLUSIONS AND FURTHER WORK

This work has considered single electronic devices - devices based on ultrasmall
tunnelling junctions, and which rely for their operation on the discrete nature of an
electron. They have great potential as the building blocks of integrable, digital switch-
ing systems, due to their good fabrication tolerances and self quantising logic. Energy
dissipation, nominal voltage and operating speed all scale beneficially as junction
capacitance is reduced.

Single electronic devices do, however, have drawbacks. These include extreme sensi-
tivity to external charge and therefore to system wide cross-talk. Thus new tools for
modelling and analysis are required if systems of practical use are to be developed.

A set of such tools has been constructed; including a general Monte Carlo modelling
program, and a linear programming technique. These tools have been used to study
some of the basic building blocks of single electronic systems; the tunnelling junction
array and gated turnstile.

The conclusions of this investigation are presented below, and fall naturally into three
sections;

» Fabrication and Geometry deals with the information required to construct a useful
equivalent circuit for any given single electronic device.

« Mathematical Models considers the equations used to describe tunnelling in sets of
junctions.

» Application to Specific Systems describes the results obtained when our tools are
used to investigate tunnelling junction arrays or gated turnstiles.

Further work which might be accomplished in each of these three areas is also
presented.
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7.1  Conclusions

7.1.1 Fabrication and Geometry

At present, most geometrical capacitance estimates ignore the effect of fringing fields
and thus systematically underestimate capacitance values. This is especially true
when considering metal-insulator-metal junctions formed by hanging resist lithogra-
phy. Accurate capacitance calculation is vital to estimate T, and the important ratio
Cjunction/Cground- Formulae have been developed which include fringing and therefore
better estimate junction capacitance. These formulae will be of most use applied to
the metal-semiconductor-metal granular systems presently under development.
Capacitance calculations show that practical single-electronic devices operating reli-
ably at liquid Nitrogen temperatures will need to be granular in nature. Present inte-

grable fabrication techniques do not give low enough junction capacitance.

Semiconductor systems report extremely low capacitance values [74]. This is due to
their increasingly quantum nature and the reduced confinement of electrons in quan-
tum dots compared with those in metal-insulator-metal electrodes. However low ca-
pacitance is offset by stray charge problems associated with semiconductor traps. A
detailed assessment of semiconductor systems requires a fuller quantum mechanical

treatment outside the scope of this work.

7.1.2 Mathematical Models

Three models of electron transfer in tunnelling junctions were considered ;

* The microscopic model gives speed and simplicity of calculation, while accounting
for thermal fluctuations. These are the most important source of noise effecting
practical systems at present T, values. The model assumes purely capacitive
circuits.

*» The phase correlation model can describe tunnelling in an electromagnetic environ-
ment, including quantum fluctuations. It assumes only that the relaxation time of the
system is much shorter than the time between tunnelling events. However it is com-
putationally expensive.

* The Lengevin equation model introduces quantum fluctuations heuristically. It
leaves out much of the physics of the phase correlation theory, but allows faster
computation and is compatible with the coding routines of the simple microscopic

model.
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Macroscopic quantum tunnelling in systems of junctions is an important ‘killer’
process for reliable electron transfer. Multiple junction arrays can act as buffers,
minimising the effect of MQT. This will however decrease the operational speed of
practical systems. The systems will themselves become more complex; requiring the
use of tools such as those we have developed. Note that present computer algorithms

do not account for MQT or cotunnelling processes.

7.1.3 Application to Specific Systems

Tunnelling Junction Arrays :

The properties of ideal, homogeneous tunnelling junction arrays are well described by
the analytical work of Bakhvalov et al. [12]. They are optimised when grounding ca-
pacitance is as low as possible in relation to junction capacitance. This increases the

device operating area in bias space. It increases the size of solitons within the array

and thus their spacial correlation.

To investigate more realistic tunnelling junction arrays with a variation of component
values, additional tools are required. On modelling a wide range of tunnelling arrays
with the General Network Solver, it was found that;

* The array threshold voltage at zero offset bias is a good figure of merit. Variation of
threshold voltage with component deviation is a good indication of array stability.

» Junction arrays are found to be very resilient to component variation. For practical
capacitance values (junction and grounding capacitance within an order of magni-
tude of each other) the devices are stable for deviations of standard deviation
< 30%.

* Correlation of component deviation has no noticeable effect over that of random
deviation. Deviation of single capacitance values by an order of magnitude likewise
has no noticeable effect.

This resilience to component variation suggests that tunnelling junction arrays will

have a resilience to static external charge.

Gated Turnstile Systems :

The frequency response of an idealised, single phase, 4-junction turnstile was investi-
gated analytically and by Monte Carlo modelling (microscopic model, T — 0). The
error rate of electron transmission increases exponentially with frequency. When
gating capacitance Cg = C/2, a 1% error rate corresponds to a frequency 5 times

lower than the critical frequency fcrit = 1/CR,.
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Single phase and three phase 4-junction turnstiles were compared. Under typical
operating conditions there is no advantage in using a three phase turnstile. Its extra
complexity reduces the area in operating parameter space in which perfect turnstiling
occurs. Therefore, under normal fabrication deviations, three phase devices are more
likely to fail in integrated systems. Using equivalent tunnelling junctions, no advan-
tage in operating speed was seen for the three phase devices.

Coupled Systems :

When coupling strays are lower than grounding capacitance and junction capacitance
in coupled tunnelling junction arrays, there is little effect on the IV characteristic of

the system. These arrays show a structural resilience to cross talk when charge flow is
steady.

In coupled gated turnstiles two types of deviation must be considered. Firstly, the
effect of coupling on critical charge values. Secondly, the effect of non-static charge
from one part of the system on the remainder. Both reduce the area of legal turnstiling
in control parameter space. The effects are intrinsically complex in nature; however
some practical insight can be gained using our tools. The General Network Solver
provides information on the preferred sets of state transitions allowing current flow
(which sets are allowed, and the probability of each occurring under given bias con-
ditions). The linear programming technique can supply a worst case area of legal
operation for the system. Bit error rates in coupled turnstiles were also investigated,
and work is ongoing in developing general results.

7.2 Further Work

7.2.1 Fabrication and Geometry

The most pressing need is to perform accurate finite element calculations on the
geometry of granular systems presently under fabrication. Comparison of the two
spheres formula with some specific finite element results will indicate just how accu-

rate its geometrical approximations are in practice. Such data will help tune the model
as a good first order estimate of capacitance.

In the longer term, a detailed understanding of charge anomalies in semiconductor
systems must be gained - both considering static and non-static stray charge. The
simulation tools that have been developed are only as good as the equivalent circuit

model describing the system. This must accurately account for such strays. The effec-
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tive capacitance of semiconductor systems is very good, but such qualities are of little
use if stray charge problems are insurmountable.

7.2.2 Mathematical Models

The theoretical descriptions of electron tunnelling in ultrasmall, ultra-low capacitance
junctions are mature. They need only be encoded into the present simulation tool rou-
tines. Use of the heuristic quantum Langevin equation to include quantum fluctuat-
ions in the model requires little recoding, at the cost of a moderate increase in com-
putational effort.

More accurate, however, is the full phase correlation theory. This would require ex-
tensive recoding and be computationally expensive, but would not involve change in
the basic algorithms of the general network solver. To speed the simulation, a three
stage approach is required. First, preliminary modelling with one of the simpler sets
of tunnelling equations. Second, calculation of tunnelling probability look up tables -
based on the range of potentials and effective impedances derived in the preliminary
modelling. Finally, a more accurate modelling pass, interpolating from the calculated
look up tables.

Further work is also required to fully automate the linear programming method. This
involves further research into the nature of state transition sets; to discover general
rules governing which transition lines are critical to the operation of any general
system.

7.2.3 Application to Specific Systems

A number of avenues of investigation immediately present themselves. These include;
* A more detailed analysis of symmetry breaking in coupled systems (i.e the phenom-
ena of self perpetuating sets of state transitions, and of excess electrons lodging on
device electrodes). A complete understanding of symmetry breaking will allow us
to avoid over restrictive system bias conditions. These are calculated by the linear
programming technique, but without guiding rules the calculations can only easily

be performed for ‘worst case’ coupling - avoiding all possible sets of interfering
state transitions. A deeper understanding would limit calculations to only those in-
terfering state transitions that degrade system performance. It might also allow
development of information coding to avoid such interfering state transitions. This
would allow increased tolerance to interdevice coupling.
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These principles may also allow the design of systems where the trapping of excess
electrons is desirable (for example the memory cell design of [118]).

* Consideration of coupled, gated turnstiles away from idealised T — 0. It would be
useful to compare the magnitude of thermally induced transmission errors with
those due to coupling - and the effect of thermal fluctuations on coupling induced
errors.

» While tunnelling junction arrays are remarkably stable for situations where charge
flow is continuous, they are not as appropriate for the transmission of realistic bit-
stream patterns. In long arrays, soliton energies tend to push excess electrons into
stable, equidistant configurations, with resultant information loss. This can be
counteracted by gating the array (forming a shift register) or slowing transmission
speed (making the interbit spacing in the array greater). Tunnelling junction arrays
are used as buffers to resist Macroscopic Quantum Tunnelling. However unless
gated, the speed of the buffered system will automatically be reduced. The trade off

between buffer blockade resistance and operation speed in practical systems

requires investigation.

Of equal importance are more detailed analyses of basic tunnelling junction arrays
and gated turnstiles. It is important that additional terms in the capacitance matrix are
considered; including next nearest neighbour coupling, coupling to external potentials
and coupling to external strays. However, to do this requires a detailed knowledge of
the system capacitance matrix. This requires information on the geometry of real
systems (including the position of ground planes and voltage sources). It also requires
a more accurate estimation of equivalent circuit values derived from system geome-
try. Such data can only be obtained by finite element analysis of practical systems.
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APPENDIX A ELEMENTARY STABILITY ANALYSIS OF
TUNNELLING JUNCTION ARRAYS

Motivation :

The modelling of tunnelling junction arrays is discussed in Chapters 5 & 6, with
particular emphasis on the stability of the correlated electron movement through the
array with respect to deviation of component values (the grounding and junction
capacitances making up the array). This was done to model the effect of the natural
deviations that would occur in the fabrication of such systems.

An analytical adjunct to that numerical work is desired.

Theory : [125]
We consider autonomous systems of the form X =— f(x,x) with equivalent equations;

x=y,y=-fxy) (A.1) sothat = _%ﬁ (A2)

Equation A.1 describes the system with respect to time, while equation A.2 describes
a trajectory in phase space (i.e in the X,y or x,x plane) which represents the system,
and along which the system progresses as it changes state.

Singular points of the system equations occur when x =0, y =0 (always on the
x-axis of the phase plane) and correspond to points of stable or unstable system
equilibrium

We can re-write equation A.1 as x =ax + by + P(x,y), y=cx +dy + Q(x,y)

where P,Q are power series with terms of degree >2 (in our specific case a=0, b=1)
and close to a singular point we can assume that they have negligible value. Hence
the system can be approximately characterised (through linear analysis) by the

equation,
S2 - (a+d)S + (ad-bc) = 0 (A.3)

the roots of which indicate how trajectories approach the singular points - and thus

which points show stable or unstable equilibrium.
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Application of Theory to Tunnelling Junction Arrays :

The governing equation for a tunnelling junction array with junction capacitances, C,
and grounding capacitances C,, is;

-Coj-1 + (2C+Co)¢; - Coi-1 =en; (A4)

for potential ¢; and number of excess charges nj at the ith electrode.

We note that this is a discretisation of;

—Ce2 20 _ en(x,t) — Co0(x) (A.5)
dx2 ~ ’ ° '

Where n(x,t) is a discrete variable, only taking on integer values.

Our problem then becomes the investigation of the stability of a set of equations of

the form A.4, or the differential equation A.5 as we perturb capacitance values, i.e
vary each about C or C, by a value AC or AC,

There are (at least) two forms of approach to the problem. Either through equation
A.4 by methods of discrete mathematics, or through equation A.5 which is close to

the form discussed in *Theory’ above. The continuous version of the problem seems
more promising.

It should be noted that ‘n’ can only take on integer values, and varies with time as
tunnelling events occur. This makes equation A.5 non-autonomous and the problem
becomes highly non-trivial. (The time varying, discrete excess charges on each

electrode of tunneling devices are also the main source of problems in modelling
these systems as electrical networks).

Solutions can be found for non-autonomous systems of a periodic nature, and other
systems may be broken down into periodic components (somewhat akin to finding
Fourier components) to form a solution.

However the step function n(x,t) is, in general, not periodic. It is therefore unlikely
that solutions will be found using this method.



APPENDIX B  BISPHERICAL COORDINATE SYSTEMS [126]

The defining equations of a bispherical coordinate system are;

gz sin0 cosy y= a sinO siny g2 sinhn ®.1)
coshn - cosO coshm - cos0 coshm - cos@

A natural way to use this coordinate system is in problems where a sphere of radius r
is considered, its centre being a distance b above the z=0, =0 plane (see fig. 3.4).

In such problems the following are useful;
r=acschn, b=acothy which give m = arccosh(b/r) (B.2)
The metric coefficients of this system, with rotational symmetry about the z axis, are;

a2 a2 sin20

gn=8n= (coshm - cos8)? £33 = (coshm - cosB)?

___ alsinb
s (coshnm - sinB)3

(B.3)

It can be shown that the Laplacian V2¢ =0 cannot be separated into the simple form
¢ =H(n) ©(8) W(y) in bispherical coordinates, but can be R-separated [88], i.e cast
into a form ¢ = U,(u,) U,(u,) U;(us3) / R(u;,u,,u;) where we attempt to keep R as
simple a factor as possible.

R-separation is accomplished in a rotationally derived coordinate system by

considering a Stékel determinant,

D) -1 P3(M)
S=| ®;(0) 1 @30 | =Pn+2 (B.4)
o o0 1

and choosing Q(u;,u,,u;) and R(u,,u3,u3) so that the following hold true;
S
gi =y Qo g% = fi () £5(u,) f3(us) R2 (B.5)

where Mj; are the cofactors of S, and fj are any functions of u;.
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Then separability will occur if;

3
o) = —% Z ———a—(f,a—RJ o constant,

For bispherical coordinates, using B.4 and B.5, we choose;

a2 ) S S S

= to give =1, =1, = sin20
(coshn) - cosB)2 & Miyg ™7 My My,
S0,
1 -1 0
S=1 0 1 -csc20 |=1
0 O 1

to finally obtain f; =1, f=asin®, f3=1, R =(coshn - cosb)"!

and after some manipulation, substituting into B.6, o) =—

N

(B.6)

B.7)

.. Laplace’s equation is R-separable in bispherical coordinates with solutions of form

¢ = (coshn - cos6)!2 H(n) ©(6) ¥(y)

where, using B.7, on substitution of o3 =m?2, 0y = p(p+1), § =cos0 ;

2
ﬂ—p+ )zH 0

|
o

(1- &2)—5—25? [p(p+1)- gz]

2
ﬂ+m2‘I’ 0

d2y
The general solutions of these equations are of the form

¥ = A sinmy + B cosmy
H = A e(®+1/2n + B e-(p+1/2)n

©=APE) +BQ'®)

B-2

(B.8)

(B.9a)

(B.9b)

(B.9¢)

(B.10a)
(B.10b)

(B.10c)



APPENDIX C RESULTS NECESSARY TO OBTAIN
THE CAPACITANCE OF
TWO SPHERICAL CONDUCTORS.

(Conductors are of arbitrary diameter and surrounded by dielectric shells. The method
approximately follows a solution laid out in (87, p. 380])

The problem is solved in a bispherical
coordinate system by finding the potential
functions ¢; i n the three regions of
differing dielectric constant €;, each region
requiring a superposition of two fields ¢}
and q)}‘. These solutions are then matched

through equations governing continuity of
E and D across dielectric boundaries.

Note that because of the nature of ﬂ3 "
bispherical coordinates, if boundaries of the =-V;
dielectric shells and metal spheres are taken o=V

at constant m values, they will only be

concentric as n — 0. Fig C.1 Schematic representation of two
metal spheres surrounded by dielectric
shells and sitting in a dielectric medium.

Assuming a rotational symmetry about the \ axis, and the necessity of finite
potential solutions at the dielectric and dielectric/metal boundaries, the general form
of the potential function in bispherical coordinates is ;

¢ = (coshn - cos6)1/2 P(cos0) [Ape®+1/2n 4 B e-(p+1/2)n] (C.1)

Region 1
o1 = ¢I1 + (1)11l where ¢'1 is the potential function with; ¢=Vj at n=ng, $=0 at n=n,
and ¢ is the potential function with; ¢=0 at n=mp, $=V(0) at n=n;



assume Solution,

01 = (cosh - cosB)1/2 2 P (cosB) [Anem+1/2)n + Bye-(n+1/2)n]
n=0

at M =1, boundary conditions give,
0 = (coshm - cosB)1/2 Z P_(cos0) [Ane(+1/2n; + Bpe-(+1/27]

n=0

(ie Bp=-A20+/2M)

SO ol = (coshm - cos@)1/2 2 P_(cosB) Aq[em+1/2)n - e2(n+1/2n; g-(n+1/2)n]
n=0

(C2)

. 3 o(+1/2M _ 2(n+1/2)m; e-m+1/2)n
= - 12 i
or ¢1 = (coshm - cosB) E‘O P (cosb) A, e(n+1/2)n - e2(0+1/2)0; e-(1+1/2ng

where each A, has been redefined by a multiplicative constant.

at M =", the other boundary condition gives (after cancellation),

Vo = (coshm - cos0)1/2 Z P_(cos6) A,l,l
n=0

this shows Vg (coshn - cosB)-1/2’ expanded as a series of Legendre functions. By
the theory of such orthogonal functions [127],

1
1
A l1l =V, (2112+ ) JPn(H) (coshmo - ) /2 dit where [ = cosO (C.3)
-1

similarly, considering the boundary conditions for <|>l1l we obtain,

I - i 2 o e(n+1/2)n . e2(n+1/2)Ng e-(n+1/2)n
&1 = (coshn - cos®)12 Y, P (cos8) A

n=0 I e@+1/2)n, - e2(n+1/2)ng e-(n+1/2)n, (C4H
1
i 2n+1
with Alr= (_n2+ ) I Pa(1) V(u) (coshny - w)-172 du (C5)
-1
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Region 2
02 = 02 + ¢2 where 2 is the potential function with; ¢=V(0) at N=n1, $=0 at n=-1,
and ¢% is the potential function with; ¢=0 at n=n, ¢= V() at n="1,

by the same techniques outlined above, we obtain,

— - e- -(n+1/2)n
- i 2 2 e(m+1/2M _ e-2(n+1/2MNz e
¢2 = (coshm - cos0) E‘O P, (cosb) Ay e 12m, - e 2@ri2m; e-rirzn,  (C+6)
1
. 2n+1
with Aﬁ'=( “{' ) .[ Pq(1) V(W) (coshmy - p)-1/2 dp (C.7)
-1
and,
o ] 2 o e@+1/2)n - e2(n+1/2; e-(n+1/2)n
¢2 = (coshn - cosO) né) Pn(cose) AL A2, - G2ar 1D, o2, (C.8)
1
; 2n+1 -
with A2l = (112—+) an(u) V(W) (coshmy - )12 dp (C.9)
-1
Region 3

¢3 = 03 + ¢l3' where ¢3 is the potential function with; ¢=0 at =-M2, $=-V3 at n=-13
and @3 is the potential function with; $=V(6) at 1=-N2, ¢=0 at =13

again we obtain,

3 (n+1/2)1 - g-2(n+1/2)N; e-(n+1/2)n
03 = (coshn - cos8)!/2 z P _(cos6) AN e 2

n=0 (12N - e 201200, e(ns1/2)n, (C.10)
1
with A?]' =-V; (2n2+1) J'Pn(ll) (coshms - w12 dp C.11)
1
and,
3= . 12 Y P (cosh) A3 ETHIDN - &2t 120Ns e-(nt1/2n
¢3 = (coshm - cosB) EO (cosB) Ag e (0+12n; - 2(n+1/2); g(n+1/2)n, (C.12)
1
i 2n+1 -
with A3 = (_“2 ) j Pa(W) V() (coshnz - py172 dp C.13)
-1
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To aid in simplifying these equations we note that,

e@+l/2n - 2(+1/2N, e-(+1/2)n  sinh[(n+1/2)(N-Nx)] (C.14)
eM+I2n, - 2+ 12N, em+2n, — ginh[(n+1/2)(My-Nx)]

and that,
A%l = ATIIH A2ﬂ = Ag" (C. 153,b)
’ n

which produce the following simplification,

&1 = (coshm - V2 2 P_ (1) (Allsinh{(a+1/2)(M11)] (C.16)
n=0

- Alsinh[(n+1/2)(N-No)] ) / sinh[(n+1/2)(Mo-M)]

92 = (cosh - )2 2. P_() ( Alsinh{(n+1/2)(N+n)] (C.17)
n=0

- A¥sinh[(n+1/2)(M-N1)] ) / sinh[(n+1/2)(N1+12)]

83 = (coshn - V2 2. P, (1) ( AZsinh{(a+1/2)(11+n;)] (C18)
n=0

- A}"sinh[(n+1/2)(M+M3)] ) / sinh[(n+1/2)(M2-N3)]

1
All= v, (2%'—1—) _[ P, (1) (coshmg - W12 dp (C.19)
] -1
All= (2"2“) an(u) V() (coshmi - W)-172 dy (C.20)
-1 1
a3 = v3 (21 [p ) (costms - w12 g (C21)
1 -1
Al (2’};“) lf Pn(pt) V(i) (coshnz - w12 dy (C.22)

We wish to eliminate the V(u), V(u) terms which are unknown functions of
1 = cos@. This is done by finding formulae for E and (assuming homogeneous
media) D = €o&E in each region and matching boundary conditions [86, p. 316].

E = gradg =192 , € 09 0=M{§9+a—¢} (C.23)

Veiion Vg 86+ -a on 00



Continuity of E ; across dielectric boundaries tangential E field values are equal,
at metal/dielectric boundaries the tangential E field values are = 0.
(These conditions are fulfilled automatically and performing these
calculations simply verifies algebraic manipulation).

Continuity of D ; across dielectric boundaries normal D field values are equal, i.e
Dy, is constant across mj,-M2.
at metal/dielectric boundaries the normal D field values integrate

to p, the charge density.

obtain, using { =n+1/2 for clarity,

= P (W
901 _ (coshm - pyl2 3 — {3 sinhn (Asinh{¢(m-np)] - (C.24)
n=08inh[C(Mo-111)]

ANsinh[{m-no)]) + { (coshn - ) (Alcosh[¢m-n1)] - Ay cosh[{(M-o)])}

b2 - P (W - -

— - =(coshn - p)-112 Z {5 sinhm (A, "sinh[{(M+7M2)] - (C.25)

on sk siblCMn] 2 ’
A'sinh[g(m-n;)]) + § (coshn - ) (Alcosh[¢(M+n2)] - A3"cosh[EM-N1)])}

003 - Pn(U) 1. -

—= = (coshm - p)-112 Z—-————-—-—— {5 sinhn (A;'sinh[EM+M2)] - (C.26)

o n=0sinh[{(N2-n3)] 2

A3sinh[{m+n3)]) + £ (coshm - ) (Adcosh[{(m+n2)] - Acosh[{M+N3)])}

Matching of boundary conditions occurs when,

L7

and € —

o |,
N1 o

_ e, 003
1 =€) =§&3
on T on

-MN2

(C.27a,b)
-N2

If we assume that the above equations hold true for the summations if and only if they

hold for each n then we obtain,
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%1 sinhm Al 4 g1 (coshn; - cos6) § (Al Al cosh[E(moND]} (C.28)

sinh[E(Mo-N1)]
_& . 1n , €2 (coshn; - cos6) § aln cosh[{(M4M2)] - A?‘u}
= S A )

and,

£ . an . €2(coshnz-cos®) & 1 ,3n
— sinh - A" cosh[EM1+M2)]} (C.29)
> sinhmy A7 + BT (A, cosh[{(M

€3 (coshm; - cosB) {
sinh[§(n2-13)]

= '%3 sinhnz A" + (A3 - A7 cosh(G(moma)T}

These two equations are enough to specify the potential functions in terms of Alland
A?]' only, and so obtain ¢; for a given V,,Vs.

Aﬁ’ itself can be eliminated by using the requirement that the charge on the top and
bottom spheres should be equal and opposite, this fixes the voltage on one sphere,
V3, if the voltage on the other is known, V. To make this further simplification,
formulae are required for the charge on each of the conductors.

The charge on the ‘top’ conductor (that bounded by m=7p) is calculated by taking a

Gaussian surface close to m=n\o, recalling that classically, only the Ey term is non-
zero close to a perfect metal.

1
Q'op = 2mepe 2 J.(coshno-u)'l %
-1 no

dp with of course ¢=d, (C.30)

where,

99

n

= (costmo-y1/2 2P, (1) {§ sintmo AL + (€31)
no n=0

§ (coshmg - ) (Af'coth[EMo-n1)] - Al(wyeschlEme-n 1)1}

after some manipulation, Q is obtained as a summation of terms,



1

QP < 2ega | P, () AY (costmoryty 32y 5 sintmo di + (€32

n
-1

1
prega ) P (1) AL (coshmo-u)1%2 €1 € cothlEmo-T] dp +
-1

e § esch?[E(Monl X,

1
A]] h - -172 dp‘
21t80a-;" P (W) Ay (coshno-p) XY + excsch2[§(n +1)]

1
£1€2€3 { csch[§(no-n1)] csch[§(n2-13)] esch[E(Mi+M2)]
2 A (2
e II P (1) X + esch2[{m+n)]

where X = €3 coth[{(M1#+M2)] - &3 coth[{(M2-M3)] + (€2-€3) sinhmy / 2{(coshmz - 1)
Y = £1 coth[{(N1-N0)] - € coth[§(M1+M2)] + (€1-€2) sinhm; / 2L(costmy - )

(C.33a,b)

Likewise for the ‘bottom’ conductor,

1

— QPO = 2mEpEsa J (coshns-p)-1 o
-1

dy  with of course ¢=03 (C.34)
N3
where,

99

= (coshns - pu)1/2 Z P () { -% sinhmz A3 — (C.35)
on n=0 "

M3
g (coshms - p) (Adcoth[((Mpn;3)] - A (weschlEM2M3)D}

again after manipulation,
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1

bot _ 3
Q)" = 2meqa lj P () AT (coshms-p)-372 £33 sinhn dp + (C.36)

1
2mepa ;[ P (W A} (coshms-py1/2 g3 § coth[{(mx-M3)] dp +

€3 § csch?[EMam3)1 ¥

1
oneca | P,(1) A7 (coshna-py 172 dp
-1 XV + gesch2[{(m+1y)]

1
Inega J.p () Al ¢y12 €18283 § csch{m;-no)] esch{{Mx-M3)] eschilm+12)]
1 XY + hesch?[G(mi+1)]

where % and \f are defined as above.

In principle QP = Q" can be solved to obtain a relation between Al', A¥ and
therefore (via equations C.19, C.21) between Vg, V3. These results can then be

substituted into the formulae C = Q/(Vo+V3) to obtain the intercapacitance of the two
spheres.

In practice solving the above integrals (equations C.19, C.21, C.32 and C.36) in
general results in formulae which do not lend themselves to simple manipulation.

However in some problems additional symmetries are present which do allow a
simple formula for C to be found.



APPENDIX D INTEGRAL RESULTS NECESSARY
FOR THE SOLUTION OF LAPLACE’S EQUATION
IN BISPHERICAL COORDINATES.

Wish to solve I Po() (coshne-p)-¥/2 dp and I P,(1) (coshng-p)32 dp in general.
-1 -1

Put coshng=b, (b-1)¥2 =+2sinh(ne/2) = V2o (defining o)
(b+1)12 =+2cosh(ny/2) = V2B (defining B)

First need to find an expansion for the number of terms pX in P,(i) and the coefficients of these
terms. Use the hypergeometric expansion [128] ;

Po(uw) = F(—n, n+l;l;%—H)

I'(1) < ['(p-n) I'(p+1+4n) (l-u),i
C(-n)(n+1) p=0  T(1+p) p!

_ 1 = TI'(p-n) (p+n)!
B n!r(-n)p{'o (ph)22p (1P ®-D

i.e the coefficient of puk in Pp(1) is ;

B )L )F(P n) (p+n)!
n! I'(-n) p-o (p!)22p

_ (p+)! (-1)P _ k
= (DK p§0 (E)G}!))_an\-%)’!ﬁ = g (D.2)

Now consider the integral Py(1t) (coshno-1)1/2 and solve, considering only T > O initially;

1

I[ Wk (b 12 dp = _[uk% (b-u)”z:l ) [ll“ 122 (o2 k] [uk'2%%%(b-u)5/2 k(k-l)] !
] 1

0222 ; 1
T35 2k+1 (b-p)(Zk+D) k(k—l)...l]
-1
by repeated integration by parts.
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(b-1) 221 k! jt (b+1)i 2%+1 k! j!
=20 Z G+ &t VB Z DM e T ). (D.3)

Two routes of simplification follow. The first is to consider the coefficients of powers b™ in

the two terms above, defining 'ﬁ‘n as the coefficient in the “o” sum and id(n as the coefficient
in the “B” sum. We then obtain for the full integral,

1
k k
| Pa w12 du= 3 [-@a S ghkbmevIp Y gk yipm } (DA)
-1 k=0 m=0 m=0

where we can condense the sum containing gﬁ and *f;n into one with a single factor Anm

_2k+1 (k4n)!
A™ = 2041 kgm( Dem (5) e e (D.5)
and the sum containing gl; and '*'fl(n into AT = (-])m+n A:l". (D.6)

This is the approach used in [87]. However a second route of simplification follows from
noting that (b-1)i = 2ia% and (b+1) = 2ip2. Substituting these into equation D.3 and using

equation D.2 gives,

3j+1
J P b2 ap =2 3 xS (z—fjl—).k@lﬁ [B2+1¢-1)%4 - 0] ®.7)
-

Consider the coefficient, X say, of f2i+! in D.7, and expand out the factor glr:, (ignoring the \2)

n n

_ ()l CIP_ 1 2%+t (-1)
X = LT 5 ap) (-1 28 G (9

1 1 n 2p-j e .
Use the fact that c = to obtain in binomial form,
kZ—J pzk P! k! Z cp ! 00 n bin orm

X = g GO e

. 225+ 3
(-1)1(§—ji—llﬁ (DE (3‘) p%j (gj) (P*™) -1 (trinomial revision [129, p.174] )

. 22j+1 . .
1 Gy G2 (3‘) (“jﬂ) -1yn (Tables 169,174 of [129] )

D-2



2%+l (n+j)!

+
D™ DY (i D8
Equivalent working for the 02i+! term in D.7 gives the simplification,
22+1 (n+j)! . , .
J Pp(u) (coshng- TR du = @ 2 m [B21+l(_1)1+n - 0t21+1] (D.9)

Now consider j Pn(l) (coshno-p)-3/2 dy, first decomposing Pp(1t) and then integrating by
-1

parts once to give,

J Pp(l) (b-p)-3/2 dp = ﬁ g: { V2 - (- l)k‘/_ 2k Iu“ 1 (b-p)12 du} (D.10)
-1 k=0

-1

Applying the result of equation D.3, expanding out the factor g];, and considering the

coefficient, Y say, of B2/a, (ignoring the V2 )
_ & (k+n)! 22k-2 (k-1)12 (-1)kii 2k k+n\ [-1/2)-1
Y ",EJ. kI B0Tj! kT k- = D (J> Z (k-J () G

Simplifying, by the application of upper negation and trinomial revision [129, p.174] to the
second and fourth terms of the sum,

Y = (1)1(”2) (n 1) ):( Iy (n 1/2)( n-j-1
CONERICD. (Vandermonde convolution [129, p.174] )
= (-1)i* (n+1R2) ﬁ% (D.11)

Equivalent working for the a%/P term in equation D.10 gives a simplification,

22i+1 (n+j)! B2i(-1)itn o2
-3 =
lj Po(1) (coshmo-w)-32 dyt =2 (n+1/2) z X G5! (n-;)![ » 5 (D.12)

Note that using similar algebraic techniques on the ‘multiple angle’ hyperbolic functions
leads to,
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cosh(n+12)ng = (n+1/2) 2 (%yl—;l)('i(;% [B2j+1(-1)i+"] (D.13a)
sinh(n+1/2)1g = (n+1/2) E“ 22+ (nj)L [o2i+1] (D.13b)

(21+1)' (n-j)!

This result simplifies equations D.9 and D.12 greatly, to obtain for ng>0,

J Pp(p) (coshmo-p)-3/2 du = —‘% (cosh(n+1/2)1g - sinh(n+1/2)M) (D.14a)
-1 o

j Py(W) (coshmo-py-12 dp = V2

3 ey (cosh(n+1/2)1g - sinh(n+1/2)ng)  (D.14b)

Although unnecessary for present consideration, the equivalent results for Mg <0 are,

I Pa(1) (coshno-p)-32 dp = ~ -‘% (cosh(n+1/2)1g + sinh(n+1/2)19)  (D.15a)
-1 o

.[ Po(1) (coshmo-p)-V/2 dp = 'ﬁ;\/%i (cosh(n+1/2)No + sinh(n+1/2)Ng)  (D.15b)

reminding ourselves that in equations D.14a and D.15a, o = sinh(ne/2), B = cosh(mg/2).



APPENDIX E CODE STRUCTURES

The following sections list the essential computational structures used in our
computer programs. Full programs are not included due to space considerations;
neither are sections of code that provide limit checking and error trapping In each
section a brief outline is given of the translation of theory and formulae to code, the
essential parameters and variables used, and flow charts of the important code

segments themselves.

The programming language used was a superset of FORTRAN 77 allowing the use of
further control statements common in many structured languages (for example
DO..ENDDO loops mimicking the use of FOR loops in ANSI PASCAL) [130]. The
programs were compiled on an IBM 3090 mainframe computer, with associated

vector processor. Compilation was performed with full automatic optimisation.

The random number generator used in the Monte Carlo routines is a standard NAG
routine, GOSCAF [120]. It is based on a multiplicative congruence method where a

term N is iteratively updated by,
N := 1313 x N mod 2% (E.1)

and a pseudo-random number N/259 returned. Analysis of data correlations within
this pseudo-random set has been performed by Knuth [131]. The set repeats after 257

iterations.

E.1 Monte Carlo Modelling of Tunnelling Junction Arrays

A tunnelling junction array with N junctions is considered. We are given the circuit
parameters of the device, the biasing potentials, and the initial distribution of excess
electrons on its electrodes. The core of the modelling process calculates the probabil-
ity of any particular tunnelling event occurring in the device. Then the Monte Carlo
portion of the process chooses one event based on these probabilities, and the time at
which that event occurs. A controlling program iterates events, changing bias and
collecting data as required to obtain macroscopic results. Each macroscopic

‘experiment’ requires a tailored controlling program.



Most computational effort is concentrated on obtaining the potential landscape of the
system. From this, tunnelling probabilities are calculated from equation 4.11. In the
general case, where each system capacitance is independent, the potential landscape is

governed by equations 3.5,
Cidi + Gl M) & - Civg Gi1 = B (5.5)

where {;=Ci/C, 1n; = Cy/C and f} = e/C, with C the nominal average value of
junction capacitance, C; and C,; the actual values of junction and grounding
capacitance of junction i. s; is the number of excess electrons at electrode i. It
stores the soliton positions in the device.

As in any other system, the set of equations 5.5 must be solved for ¢;. We make use
of a set of coefficients v;, which can be precalculated to save computation time in the

main calculation loops. V; can be recursively defined by (where o; = {i+8iv14Mi) 5

C .. SET UP VECTORS OF USEFUL COEFFS FOR CALCULATION OF POTENTIALS

DO j = 0, (N-2)
Nu(j) = 0.0
Nu(j+1) = 1.0
DO I = j+2,N

Nu(i) = Alpha(i-1)*Nu(i-1) - Zeta{i-1)**2*Nu(i-2)
ENDDO
Nu(j) = Nu(N)
ENDDO

Nu(N) = 0.0

Then all ¢; values can be obtained from the following;

do=VL, on= Vg, VNSN = ON/P
1 N

o = v—[%\’lCl +BY, ViSiCiCH]
o i=1

by = (Ci+§i+1+ﬂi)2>i — Cidi-1 — Bs; (>0 (E2)
i+1

The code for the main iterative loop is shown in flow chart form in figure E.1. It di-
vides into four main sections. Firstly, the potential profile is calculated from the bias-
ing potentials, the excess electron data, and the various coefficient arrays. Next, the
work of testing every possible tunnelling event is carried out. s; is updated as if the
event had occurred, a partial potential profile is obtained, and the energy difference
between initial and final states used to calculate I. This is repeated for both for-
wards and backwards tunnelling processes. Thirdly, the accumulated probability of
tunnelling events is used to calculate the time for tunnelling, and finally the choice is

made as to which event occurs.
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initialise all parameters;
set initial position of excess electrons in s;;
calculate coefficients of vj;

\

perform initial calculation of ¢; values;

)

FOR each possible tunnelling event, j;

temporarily assume that the event has taken
place, and adjust sj accordingly;

calculate a new set of ¢; values;

use following equations to calculate
probability of event taking place, and store
this probability in array of l'i values;

AE! = % (4+0] - ), - 0},y)

¢ 0 8B T _enos 2ELT
Q=3¢ [1 -ewt 5]

END of FOR loop ?

calculate the time till next tunnelling event
using equation for t;

t =-In( l-random)/zr}
i

choose which event actually occurs from

events j, weighted by rate, l'i;

Fig E.1 Flow chart of the algorithm used to calculate one iteration of tunnelling events
in a tunnelling junction array. Further sections of a modelling program extract necessary
data from the array state and then cycle back to the initial ¢; calculation. ‘random’ is a

random number [0,1) with constant distribution.
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E2 Monte Carlo Modelling of Turnstile Device

The ideas that govern the code structure for modelling the turnstile device are the
same as for tunnelling junction arrays. The state of the device is characterised, and
this data used to choose which tunnelling event will occur next. However, the form of

code shows two extensions to these principles; both noted in the flow chart of fig. E.2.

initialise all parameters;
set initial position of excess electrons;
calculate critical charge values;

WHILE experiment continues DO

update bias conditions of system if necessary;
update time till next change in bias conditions;

calculate charges across each junction;

calculate Tj and ZTj probabilities from
critical charge equation; l ‘

has system stabilised ?
ie ZIj=0;

calculate the time till next tunnelling event;

will next event occur
before further change in
bias conditions ?

choose which event actually occurs from
events j, weighted by probability, l"j;
update excess electron positions in system;

Fig E.2 Flow chart of the algorithm used to calculate multiple iterations of events
and bias condition changes in a four-junction turnstile device. This code structure
is only applicable for large discrete changes in bias conditions.
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The first modification is a rudimentary consideration of non-static bias conditions.
The method by which this is handled is easily seen from the flow chart diagram of
modelling code structure.

The second modification is the introduction of critical charges as a systematic way of
reducing computation in the main program loop. In the original algorithm, tunnelling
junction array formulae were hand tuned so that as many coefficients as possible
could be precalculated. This process is now automated by the critical charge concept
of §5.2.4. Instead of calculating a potential landscape, the device is characterised by a
charge landscape. These junction charges are compared with critical charges to obtain
the tunnelling probabilities for each junction. Equations 5.25 and 4.11 are used. For
the five junction turnstile, computation is also eased by manual expansion of the

governing circuit equations. The equations used are 5.19 - 5.21.

E3 General Network Solver

The algorithms which govern the operation of the general network solver are identical
to those used to investigate the gated turnstile device. The work on the gated turnstile
can be thought of as a specific example of such a solver, with governing formulae
obtained by hand. To create a general solver therefore, we automate the two types of
hand calculations required.

First is a routine that takes a network of junctions, capacitors and voltage sources, and
calculates a Thévenin equivalent circuit for any junction i. The effective capacitance
of this circuit is used to compute the critical charge for junction i. The method by
which this charge is calculated, and the prerequisite Thévenin circuit obtained, are
detailed in §5.2.4.

Secondly, instead of a bespoke analysis of the equations governing the charge profile
of a device, a general solution is performed. This is based on solution of the matrix
equation 5.28 which condenses the rules of charge continuity and Kirchoff’s laws.
The matrix equation is then solved by using toolbox routines provided by NAG [120].

We first note the data structures which define an equivalent circuit, then the routines
that calculate critical charge values from this data, and finally the main modelling

routine itself.



Data Structures :

The form of the equivalent circuit itself is defined by five arrays;

Volts(elem) specifies the magnitude of the voltage sources.

Elas (elem) initially contains the capacitance of both tunnelling and non-
tunnelling junctions. Its components are then inverted so that
elastances are stored.

Conn (elem, loops) specifies which components are connected to which.

Qcon(juns,gs) information on the electrodes which support excess electrons,
and which junctions connect to them.

Zcon(juns, zeros) junctions which directly connect to each other via only a
voltage source (required to fully analyse charge conservation).

The size of these matrices are defined by the following (not necessarily independent)

parameters of the system,;

elem the total number of circuit elements
nodes the total number of circuit nodes
loops the number of loops in the circuit net

caps the number of capacitances (both tunnelling and non-
tunnelling)

pots the number of voltage sources

juns the number of tunnelling junctions

gs the number of nodes which may support excess electrons

zeros  the number of linear junction / voltage source / junction
component strings

Section 5.4.2 shows an example of the definition of these data structures for a four-
junction gated turnstile device. They contain all the required information needed to
obtain the critical charges or charge profile of the system. Often Qcon is divided into
its elastance and voltage segments (multiplied through by their respective parameter
values) to form matrices Econ and Vcon. These simplify the formulation of
governing equations.

Calculation of Critical Charges :

Figure E.3 shows the structure of code needed to obtain a critical charge value for one
of the junctions in a purely capacitive equivalent circuit.

Firstly an impedance matrix, z(loops,loops), is derived from the connection
matrix and component elastance values. Elementary row operations ensure that the
rows containing the junction of interest are moved to the top. For small impedance
matrices, further simplification may not be needed and an effective impedance may be
calculated directly. For larger matrices an automated simplification process based on
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the formula Zess= A — BD-!C is used. The impedance matrix is partitioned into two
diagonal submatrices, A & D, and two off-diagonal submatrices B & C. Submatrix
A is chosen to contain those rows and columns of z that deal with the junction of
interest. Having obtained Zefr, the value of Qcrtical for this junction is calculated
from equation 5.25. The procedure shown in figure E.3 is then repeated for each
junction in the circuit.

Again it should be noted that all error and limit checking (including that on the
operation of NAG routines) is omitted from this discussion. In practice such checks

are vital as errors in coding large circuit matrices are common.

perform elementary row operations on Econ
so that rows containing junction i are at top;
r := number of rows containing junction i ;

T

obtain impedance matrix Z := Econ.Econ

partition Z into A,B,C,D matrices, with
rank(A)=r;

Z:=A - BDC;

CASE OF rank(Z) ;

1 1
Loy = Zn"C—i Zesie = % Zj G

1 1

obtain critical charge for junction i from,

. ~—l 1+..._1_._)1
Qert =2 \* CZem

Fig E.3 Flow chart of the algorithm used to calculate critical charge values of a general
network. z,A,B,C,D and Econ are matrices, all other variables represent reals. The ‘T’
superscript indicates matrix transposition.
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General Network Solver Modelling Routine :

The code for the general network solver is precisely that of figure E.2. The only
changes from §2 are in the methods by which qcr; (the vector of critical charge
values) and q (the vector of circuit charge values) are obtained. Critical charge
values are computed above. In order to obtain the system charge profile equations
5.28 must be solved.

On considering equations 5.28 it can be seen that they can be merged into one matrix

equation,
Mﬁxed xXq = Vyariable (E.3)

where Miixeq is an array of parameters dependent only on the structure of the device,
and Vyariable a vector of state values (excess electron numbers and bias voltages).
Solution for q can be performed by toolbox routines.

The general procedure of the general network solver is therefore to initialise Mgxed
as part of the initial parameters of figure E.2, along with the vector of critical charges.
Then whenever the charge profile of the system need be calculated, Vyariaple iS
updated and equation E.3 solved to find q. These extensions to the code structures of
the gated turnstile modeller completely describe the general network solver.
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APPENDIX F EFFECTIVE CAPACITANCE OF
LADDER CIRCUITS

F.1 Effective Capacitance of a C/Co ‘Ladder’

Wish to calculate the effective Thévenin

capacitance Cefs of the circuit of ’—“'C———'"-C—- --- —-"—C—

figure F.1 for arbitrary n segments, —— —
with y=Cy/C and f, = Ceg/C. _I.Eo Co Co

Simple circuit theory gives, o
Fig F.1 Circuit schematic of a C/C, ladder.

fi=y+1, +
1=v =Y 1+fn1

as a recursive solution of f,. The recursion can be eliminated to give f;, as the ratio
of n and n-1 polynomialsin ¥,

3 ()

‘Eéﬁxﬂ)Y"

(F.2)

F.1 Effective Capacitance of a C/Cs/C ‘Ladder’

ey
e \{II—I gn

Fig F.2 Circuit schematic of a C/Cy/C ladder. Such a circuit might act as a first order
approximation to 2 capacitively linked tunnelling junction arrays.

Wish to calculate the capacitances f, and g, of figure F.2b. These can then be used
to calculate the effective capacitance c, of the circuit from,

n G%E+f)Hgn (F.3)
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where [ ’ represents capacitors in parallel. As above, all capacitance is normalised to

C.Le y=Cy/C. Itis simple to obtain,

g1=2y+1, gy=2y+—Snl (F4)
1+ gn.1
2y+1 fi1 8n- -1+ 2v(1+ g,
f, = Y f= nlzgnl(gnl2 Y(1+ gn-1)) (F.5)
Y (I+ gn-1)" Y o1 + 841 + 27 8n-1(1+ 8o1)
and recursion can be eliminated to give,
i 2m(n+m)
- 2m i
gn = :_11_ (F.6)
n+m
)y 2m(2m+1) ™
m=0
2 n+m
z—’o 2m( 2m ) L
f, = = (F.7)
il i p+m+1
y X 3 2t ) o
m=0 p=m
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