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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL SCIENCE AND ENGINEERING
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Doctor of Philosophy

by Zuo Li

A redefinition of the Ampere based on the quantum metrology triangle is required to
improve the accuracy of the unit. The Si single electron pump is considered a promising
candidate for the single electron source in the quantum metrology triangle due to its
compatibility with the state-of-art CMOS manufacturing platform. However, the fab-
rication processes have not been fully established, and the performance impact factors

and reliability of Si single electron pumps have not been fully addressed.

In this project, I successfully fabricated Si electron pumps with atomically flat surfaces,
using the advanced facilities in Southampton Nanofabrication Centre. I observed current
plateaus with the width of 18 meV and uncertainty of 0.828% when the single electron
pump is operated at 125 MHz in the National Physical Laboratory, showing the possibil-
ities for the applications of current calibration. The reliability issues were investigated
by measuring Si quantum dot devices and the single electron pumps fabricated. The
impact of charge traps in quantum devices were addressed by investigating the random
telegraph noise in the devices. I demonstrated that the charge traps can impact the
device reliability by resonant tunnelling, which will help scientists to understand further

about the reliability impact factors of silicon quantum devices.
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Chapter 1

Introduction

The accurate calibration is significant for the state-of-the-art industry, especially when
more and more components are integrated into a product. The fundamental science
associated with the accuracy and calibration is metrology. The concept of metrology is
defined by the International Bureau of Weights and Measures (BIPM) as the science
of measurement, embracing both experimental and theoretical determinations

at any level of uncertainty in any field of science and technologyll].

The classical metrology is based on SI (Le Systme International d’Units) units, which
are considered as international standards worldwide[2]. SI units are established on the
MKS system, in which metre, kilogram and second are considered as fundamental units
to derive all other mechanical units[3]. However, some original definitions of these units
limit the intrinsic achievable accuracy. For example, in 1956, the definition of second
was initially based on the tropical year. The best accuracy ever achieved using this
definition was only 1 ppm|[4]. Today, with the help of quantum mechanics, the definition
of second is based on optical atomic clock and the relative uncertainty is as small as
2.5 x 10711[5]. The accuracy has been improved by almost one million times compared

with the original definition.

The electronic industries are basically based on the electricity. High resolutions of the
electrical current are often required in the sensors to ensure the stability of the system.
Therefore, calibration of ampere, the unit of electrical current, is very important. The
definition of ampere is ’ The ampere is that constant current which, if maintained
in two straight parallel conductors of infinite length, of negligible circular
cross section, and placed 1 metre apart in vacuum, would produce between
these conductors a force equal to 2 x 1077 newton per metre of length.[6]’
The classical realisation of this definition is by measuring forces between two conductive
coils. There are many limiting factors that put caps on the accuracy, for example, the
difficulty to calculate the actual distribution of current flowing through a wire with def-

inite diameter. The best accuracy ever achieved so far with this conventional definition

1
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was 0.3 ppm[7], which is far below the accuracy already achieved by the definition of

second and metre, with the help of quantum mechanics.

As a result, scientists began searching for a new definition of ampere connecting to a
natural constant. The idea is called quantum metrology, which is defined as ’the study
of making high-resolution and highly sensitive measurements of physical pa-
rameters using quantum theory to describe the physical systems, particularly
exploiting quantum entanglement[8]’. A natural idea is associating the current
with the elementary charge. In the quantised current, integer number of electrons flow
through a circuit in a certain period of time. As a result, quantised current source
with high accuracy is required. One of the most attractive and promising quantised
current sources is the single electron pump[9], which is modulated by an AC signal.
In this device, only one single electron is pumped through the circuit within a period
of tuning AC signal. There are mainly two kinds of single electron pumps, which are
based on metallic island and semiconductor quantum dot respectively. Metallic single
electron pump has been investigated since 1990s, and accuracy up to 0.02 ppm has been
achieved[10]. However, it is extremely hard to achieve high current in metallic single
electron pump because the operation frequency of adiabatic pumping is limited by the
RC constant of the oxide tunnelling junctions. It is almost impossible to overcome the

large RC time constants of the tunnelling junctions[11].

With non-adiabatic pumping, which is only achievable in semiconductor quantum dot
pumps, it is possible to achieve high-speed operation to overcome this frequency limit.
Due to the compatibility with the state-of-the-art CMOS fabrication platform, the Si
single electron pumps have the potential to realise mass reliable fabrication and parallel
operations to enhance the current. These advantages make the Si single electron pump

be a promising candidate to achieve the quantum standard of ampere.

There are still many issues need to be solved to achieve the accurate quantum current
source. Single electron transport can only be observed at cryogenic condition (usually
below 20 K) in nano-scale structure (usually less than 100 nm), and high magnetic field
(usually in the level of 10 T) is often required to achieve high accuracy[12]. The small
scale induce challenges in the fabrication of single electron pumps, and the extreme
operation environment makes the measurement difficult. Besides, the device physics to
explain the transportation is still not very clear at the moment. Some models have been
introduced, but the deviation still exists especially when the temperature is as low as
100 mK][13]. As a result, the performance limiting factor of Si single electron pumps has

not been fully investigated yet. Much work is still required in this research field.

The aim of my PhD project is to understand the operation of single electron devices,
learn the fabrication processes of the Si single electron pumps, and measure the pumps in
National Physical Laboratory to address the reliability limiting factors of single electron

pumps. Practically, I would like to
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(a) Fabricate a batch of silicon single electron pumps, using the facilities from Southamp-

ton Nanofabrication Centre.

(b) Demonstrate a successful operation of the single electron pump, showing the ability

for the device to calibrate the current.

(c) Understand the reliability impact factors of the silicon single electron pumps and

other related silicon quantum dot devices.

In order to achieve this target, in my PhD project, I have read literatures to understand
the operation of single electron transistors and previous work in single electron pumps by
other groups, which are summarised in chapter 2. The fabrication of our single electron
pump lot will be introduced in Chapter 3. I designed all the e-beam lithography masks
for the single electron pumps, have successfully fabricated single electron pumps together
with Dr. Muhammad Khaled Husain, the research fellow in our group, and tested the
devices at room temperatures to analyse the yield. The measurement results of single
electron devices are summarised in Chapter 4. I have measured some Si devices at low
temperatures to investigate on the characteristics and performance limiting factor for the
Si single electron devices based on quantum dots. I observed single electron transistor
characteristics and current peaks in advanced conventional MOSFETSs, and investigate
on the current peaks observed in the experiment to study the impact of charge traps on
the devices. I also measured our single electron pumps in NPL, and observed unstable
single electron pump characteristics. I investigated on the spectrum of quantum dot
and identified the impact of charge traps to understand the performance limiting factor
in Si single electron pumps. Conclusions of the researches in my PhD study have been
made in Chapter 5. Some of the work I have done, such as processes development, are

introduced in the appendix.

In total, I have successfully fabricated Si single electron pumps, using the facilities in the
University of Southampton Nanofabrication Centre. I have investigated on the charac-
teristics and performance limiting factors in Si quantum dot devices, and the results were
published in full article in TOP Semiconductor Science Technology and Nature Scientific
Reports, respectively. Based on the knowledge obtained in these measurements and de-
vices fabricated, I measured our single electron pumps in National Physical Laboratory,
observed unstable pumping characteristics, and investigated the performance limiting

factor in detail. The results have been summarised, and submitted for publication.






Chapter 2

Background Research

2.1 Quantum Metrology Triangle

In order to redefine ampere with the quantised single electron source, logically, existing
ammeters cannot be used to calibrate the generated current. As a result, a null-current
circuit is required. In the null-current circuit, I only use null-current detector to identify
the presence of the current. Therefore, an accurate voltage source and a precise resistor

are both mandatory for its realisation.

After both Josephson effect[14] and Quantum Hall effect[15] had been observed, people
began to establish the practical realisation of the current redefinition. Likrahev and
Zolin proposed an idea[16] to build a standard voltage source with the help of Josephson
effect[17], calibrate an accurate resistor using Quantum Hall Effect[18], and use a single
electron current source[19] with an error-counting scheme[20] in the null-current circuit
in order to balance the current flowing through the accurate resistor. The idea was given
the name of Quantum Metrology Triangle[21]. The schematic set-up of the quantum

metrology triangle is shown in Fig. 2.1.

Single Electron Effect:
1~Qsf

Josephson Effect:

& »

Quantum Hall Effect:

v R
1 Rk

FIGURE 2.1: Schematic Diagram of Quantum Metrology Triangle. The links between
the three parameters, frequency f, current I and voltage U are shown.
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In order to realise this schematic set up, a practical circuit diagram is required. A typical

circuit diagram of experimental quantum metrology triangle is shown in Fig. 2.2.

Resistor calibrated by
Quantum Hall Effect

1

I

Single-electron % Null Josephson
Current <> Current Voltage C\l)
Source Detector Source

FIGURE 2.2: Quantum Metrology Triangle Experimental Set-up.

In this null-current circuit, the current generated by Josephson voltage source will be
balanced by the single-electron current source. If there is no current flowing through the
null-current detector, a balance is achieved, and I can establish the quantum standards

of electrical units based on this circuit.

A practical issue with this design is the low current level of single-electron current source,
which is usually ~nA level in practical. It is normally not enough to balance the current
generated by Josephson Voltage source (usually ~mV) and a resistor with the exact
quantum hall resistance(~k(2), which is about A level. In order to solve the problem,
a high-precision amplifier is used to enhance the current generated by single electron
source[22, 23] or a larger cryogenic resistor calibrated by quantum hall resistance is
required[24, 25].

In order to make the redefinition practical and reasonable, the single electron source
need to reach two certain limits in accuracy and current level (equivalent to operation

frequency):

(1) The error of the single-electron current source should be no more than

0.05ppm.

It is an agreement made by metrologists[26]. The definition of electric current should
only be changed when the uncertainty of one parameter in quantum metrology triangle
is less than 0.02 ppm and the rest two are less than 0.05 ppm. Since the uncertainty in
Josephson voltage source and Quantum Hall Resistance have both met the requirement
of 0.02 ppm, the uncertainty in single-electron current source, therefore, should be less

than 0.05 ppm.

(2) The current level of current source should be at least in the magnitude of

100 pA, i.e., the pump must be able to operate with gigahertz-level frequency.

The level of current generated by single-electron source should be large enough, so that
the Johnson Noise[27] (coming from thermal agitation of charge carriers) would not have

significant impact on the measurement result.
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Idefine the total current as Is. The error created by Johnson Noise, d/g, can be expressed
by

4kpT

0lg =\ ———
S ‘R’

(2.1)
where T is the ambient temperature, kg is the Boltzmann constant, ¢ is the time taken
for each point in the measurement, and R is the total coupling resistance of the system.

Therefore, the related error is:

oIs  [aksT
Is  \| tRIg*

(2.2)

In a practical quantum metrology measurement, I can assume R~Ryk, which is the
quantum resistance, 25.kQ). The related error of the system, §Ig/Ig, should be less than
5x1078, t=24 h and T=10 mK. As a result, the current level must be larger than 314.7

pA according to equation (2.2), which is equivalent to 2 GHz operation frequency.

Scientist have already succeeded in performing high-accuracy measurements on Joseph-
son voltage (~0.03 ppm)[28] and Quantum Hall Resistance (~45 ppb)[29]. However, at
the moment, both the operation frequency (~670 MHz) and accuracy (~0.2 ppm) of
single electron source[30] must be improved in order to meet the requirement of quantum

metrology triangle measurement.

2.2 Device Physics: Single electron transport

2.2.1 Fundamental Physics for Single Electron Transport

The current originated from the movement of individual carriers is usually not observ-
able. At room temperatures, the movement of individual carriers are dominated by their
individual thermal kinetic energy[31]. As a result, although the average movement of
large amount of carriers will generate electrical current, the movement of each individual
carrier is random and unobservable. If I would like to observe the current originated
from the movement of each individual carrier, the charging energy for each electron/hole

must be larger than the thermal kinetic energy in order to dominate its movement.

In order to discuss the experimental condition to observe single electron transport, I
will consider an RC-model, where the coupling resistance between the electron and the

environment is R and coupling capacitance is C, as shown in Fig. 2.3:
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o I I

C R

FIGURE 2.3: The schematic RC circuit model to describe the coupling between the
electron to the ambient. Resistance and Capacitance are in series.

As stated in the previous paragraph, in order to observe single electron effect, the impact
of electrostatic energy, E., should be larger than the impact of thermal fluctuation[32],

therefore:

62

e
, where C is the coupling capacitance of the system, e is the elementary charge, kp is
the Boltzmann constant, and T is the ambient temperature. Equation 2.3 shows that
the ambient temperature must be low enough to suppress the random movement domi-
nated by thermal kinetic energy. In order to have a rough idea of the scale required to
observe single electron characterisitics, I will assume the system is put in a liquid helium
environment where the temperature is 4.2 K. Under this circumstance, the minimum

capacitance of the system, Cj, should be:

62

= %kgT

Co = 0.22fF. (2.4)

Considering the dielectric layer of the tunnelling capacitor is 10 nm silicon dioxide, the

dimension of the electrode should be around

Cotox
E0E0OX

= 241nm. (2.5)

From the rough estimation showing in equation 2.5, I can see the scale of the system

must be on the magnitude of 241 nm or less in a liquid-Helium environment.

Another important factor is the uncertainty principle[31]. The electrostatic energy of
a single electron must be well defined in the whole transportation process in order
to observe the single electron tunnelling. Otherwise, the intrinsic uncertainty is even
larger than the electrostatic energy itself, and single electron effects therefore cannot be

observed. As a result,

2

€
—. . 2.
CRC’>h (2.6)

From equation 2.6, I know the coupling resistance must be larger than:
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h
R> — = 25.8kQ = R (2.7)
(&

This value is usually named quantum resistance.

From (2.3) and (2.7), I can summarise the following three requirements in the real world

to observe single electron characteristics:

(1) The temperature of the system must be low enough.
(2) The dimension of the system must be small enough.
(3) The resistance of the system must be high enough.

The three requirements can be achieved in both metallic tunnelling junctions[33] and
semiconductor quantum dots[34]. They will be introduced separately in the following

part.

2.2.2 Single Electron Transport in Metal Oxide Tunnelling Junction

The electrons in the metal can be described as Fermi liquid[35]. As a result, the free
electrons in the metal, whose energy is above the Fermi level, can be described as non-
interactive quasiparticles. Therefore, the metallic tunnelling junction can be described

using mesoscopic capacitor model[32].
The schematic diagram metallic tunnelling junction structure is shown in Fig. 2.4:

Tunnelling junction
(Metal Oxide)

/ N

Metal Electrode Metal Electrode

FIGURE 2.4: Schematic Diagram of a Metallic Tunnelling Junction.

In reality, Aluminium is often used as the electrode due to the great interface quality
of Aluminium oxide[36]. The most fundamental single electron tunnelling structure is
shown below, which is usually called single electron box[37]. By assuming the parameters
as shown in Fig. 2.5, I can study the relationship between the bias applied and the

number of electrons stored in the box, n,:

Q¢ — Qg = ne. (2.8)
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Island/
Quantum dot Vg
O
R;,C;, Ry,Cy,
Q Q,

FIGURE 2.5: Schematic Diagram of a Single Electron Box.

Qg @

—= — = =1, 2.9

Cg Ct g ( )
where V; is the voltage applied on the gate electrode, Cy is the tunnelling capacitance
between the electrode and the island, and C} is the tunnelling capacitance between the

island and the ground. The charging energy of the system can be written as

Wcharge(n) = Ft 7 (210)
g

Two major parts contribute to the total charging energy. The first part, which is coming

from gate bias, can be expressed by

Wa(n) = / [(6)Vidt = V,Qy. (2.11)

The second part, which is coming from free electrons inside the system, can be expressed
by

Wi (n) = Weharge(n) — Wa (n). (2.12)

If n electrons are maintained in the system, a mandatary condition is that any electron
tunnelling into/outside the system will result in the energy increase of free electrons

inside the system. Therefore, the following condition,

Wp(n) < Wp(n + 1), (2.13)

must be satisfied. By solving equation (2.8) to (2.13), I can establish the relationship

between bias and the number of electrons,

1
£ < Ve < (n+ ,)i_ (2.14)

1
n=3)%, 2'C,
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The single electron box can only store the electrons. It is not possible to switch the
circuit, i.e., the single electron box is not a transistor. The metallic single electron
transistor is actually two single electron boxes sharing the same island. The equivalent
circuit diagram of a single electron transistor is shown in Fig. 2.6. Here I assume the
tunnelling capacitance between the drain electrode and the island as Cq4, and tunnelling

capacitance between the source electrode and the island as Cs.

Vg
o
—c,
. . OVd
Rs,cs Rd!Cd

FIGURE 2.6: Equivalent Circuit Diagram of a Single Electron Transistor.

In order to find the 'block’ state for the single electron transistor, I can use Thevenins
theory to investigate on the effective circuit. If I focus on the electrons coming from

drain reservoir, by applying equation (2.14), the following condition must be satisfied:

1 e CgVe + CqVy 1 e
=St ara e iar

(2.15)

If I focus on the electrons coming from the source reservoir, using the same way I can

obtain:

1 e Cy Vs 1 e

e ta o tyaer

(n (2.16)
In the bias conditions described by (2.15) and (2.16), the system was ’blocked’. The
"blocked’ regime is roughly drawn in Fig. 2.7.

As T can see from Fig. 2.7, in the blue region, only one particular number of electron
is allowed to stay in the island. Therefore, the sequential tunnelling process is blocked.
This phenomenon is usually called Coulomb blockade[38]. Since the shape of bias condi-
tions for the block state in the stability diagram is a diamond, it is often called ’Coulomb

diamond’. Coulomb diamond is the unique sign of the single electron transistors[39].
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’ Only one particular number of electrons is allowed in the island, i.e., the transistor is blocked.

‘ Two particular numbers of electrons are allowed in the island, i.e., the transistor is turned on.

F1cUrE 2.7: Ideal Stability Diagram of a Metallic Single Electron Transistor.

There is no simple solution to the current-voltage characteristics of single electron tran-
sistor. In order to analyse the sequential tunnelling current outside the Coulomb dia-
mond regime, first, I need to calculate the change in free energy when an electron tunnels
into/outside the island through the drain, AFEE (N), and through the source, AFF(N),
as shown in the equation (2.17) and (2.18),

AFF(N) = =[5 £ (Ne = Qo) F (Cy + Co)Va £ GV, (2.17)
b
and
e e
AFF(N) = &[5 F (Ne = Qo) F CaVa F GV, (2.18)

where N is the number of electrons in the island. Applying Fermi’s golden rule[31], I
could obtain the tunnelling rate of single electron into/out through source, I'f(N) and

into/out through drain tunnelling junction, I‘f(N ),

() = Rdlez N diA(iQ(N) ! (2.19)
1 — exp( k‘;T )
and
rE) = S (2.20)
s€7 01— exp(%)

where Cy, is the total coupling capacitances of the charging island. Rs and Rq are effec-
tive tunnelling resistances between the island to the source and drain respectively, which
are related to the density of the states in the system and the transmission coefficient of
the tunnelling barriers. After obtaining the tunnelling rate, the master equation of the

probability that N electrons occupy the island can be expressed as

Op(N,t)

5~ — PN+ DN +1) +T (N + D] = p(N)[Tg (N) + Ty (V)] (221)
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In the steady state, the probability is not assosiated with time, so

Ip(N, t)
——=0. 2.22
5t (2.22)
The drain current is therefore expressed as
I = eSN=2p(N)[TS (V) =TS (V)] (2.23)

By solving equation (2.17) to (2.23), I could numerically calculate the drain current

outside the Coulomb Blockade regime.

The major error source has originated from co-tunnelling[40, 41]. Co-tunnelling process
could be observed even at the Coulomb blockade region[42, 43]. A schematic diagram

of co-tunnelling process is shown below:

Island Drain

Energy

elastic

@

@ inelastic

FI1GURE 2.8: A schematic diagram of the Co-tunnelling Process. Electrons tunnel from
the source to the drain through a virtual state.

In the first step, the electron will tunnel from the source to an intermediate virtual
state in the island. Then, another electron, which was initially inside the island, tunnel
from the island to the drain. Co-tunnelling processes can be divided into two cate-
gories : elastic co-tunnelling, with no energy loss for the electrons, and inelastic co-
tunnelling, with energy loss for the electrons[41]. Co-tunnelling was firstly observed by
L. Geerligs[44], and is usually considered one of the main error contributors in single
electron devices[45].Since the total co-tunnelling rate depends exponentially on the num-
ber of tunnelling junctions, it is possible to suppress the co-tunnelling by adding more

junctions in the metallic single electron devices[46, 47, 48, 49].

The maximum frequency allowed for single electron operation, roughly around 10 MHz,
is limited by the RC constant of tunnelling junction[10] (practically, Aluminium oxide).
It is very difficult to overcome the frequency limit. As a result, this issue puts a cap on

the actual application of metallic single electron devices.
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2.2.3 Single Electron Transport in Semiconductor

In the semiconductor-based device, the single electron transport can also be observed in

2-D electron gas in the conducting layer[50].

I will do a rough estimation of the electron-electron distance in 2-D electron gas and
Bohr radius. Usually, the free carrier concentration is around 10'? cm~2 in 2-D electron
gas, corresponding to 10 nm electron-electron distance[51]. The Bohr radius can be
calculated by ag=4me,g0/mee?. Considering the case of silicon, where ¢, is 11.9 and the
effective electron mass is 0.26myg, the Bohr radius is around 2.4 nm. Since the interaction
parameter ro/ag is around 4, the electron-electron interaction is weak in semiconductor
quantum dot[52]. As a result, mesoscopic model still gives a reasonable description of

the system.

However, there are several key differences between the metallic case and semiconductor

case:

First of all, the electron-electron distance in quantum dot is much larger than the case
of metal (~0.5 nm). As a result, the carrier density is lower, and fewer number of
energy levels is allowed in the quantum dot. That enhances the impact of level spacing
originated from quantum confinement[53]. Therefore, non-equilibrium effect in quantum

dot is much stronger than that in metallic structure[34].

Secondly, unlike the case in the metal, the parameters of quantum dots in semiconductor
structures are tuneable by external voltage. As a result, the dynamics of the electrons
inside the quantum dot still depends strongly on the confining potential of the quantum
dot, and Density-of-State (DOS) fluctuations can have a visible impact on the single-
electron transportation characteristics[54]. Therefore, Mesoscopic capacitor model will
give some deviation when describing the characteristics of electrons inside quantum dots,
due to the fluctuation on the Density-of-State (DOS) and the change of wavefunction
for the electron states. The geometry must be considered in order to get an accurate

theoretical description of quantum dots.

At last, error sources in the single electron transport are not fully understood due to the
complicated operation mechanism[11]. As a result, scientists do not have a clear image
regarding the accuracy limitation and error source on the single electron transport. But

it is expected to be improved through reducing the size.

The unique advantage of the quantum dot structure compared with the metallic part is
the tuneable parameters for the quantum dots and the tunnelling barrier. The tuneabil-
ity gives flexibility in device operation, which makes high-frequency operation possible.
As a result, non-adiabatic transportation is achievable in the semiconductor-based struc-
ture, which is the fundamental operation principle for the semiconductor single electron

pump[19].
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Non-adiabatic transport is a much more complicated process compared with the conven-
tional adiabatic effects. If the confining potential of quantum dot is controlled by a AC
signal, the coupling strength between quantum dot and the environment will be changed.
If the frequency of AC signal is much higher than the time constant of single electron
tunnelling, the electron is not able to catch the change in the coupling strength, and
therefore the full process is non-adiabatic. Mesoscopic model is not enough to describe

the electron transport in this process.

A physics model called decay cascade model, which is proposed by Vyacheslavs Kashcheyevs
and Bernd Kaestner[55, 56], is introduced to describe the single electron transport

through dynamic quantum dot in this non-equilibrium situation.

The model is shown below, considering the quantum dot and environment is resistively

coupled initially, and N electrons stay in the quantum dot when the time scale is 2.

Electron
escape rates K\

n
| .ad:!’-?(-'.J Ee ﬁ

ep(t) T ) () — 0~ Time ¢
[ =
Tn
<+— Adiabatic Decoupling from Decay cascades =—p
equilibrium the Fermi sea Jfreezing out’

FIGURE 2.9: Decay-Cascade Process in the non-adiabatic single electron transfer.[55]

The intrinsic relaxation rate of electron inside the quantum dot can be expressed by:

Tre = (RC) . (2.24)

R and C are the coupling resistance and capacitance regarding the environment, respec-
tively. If I define the quantum dot electrostatic potential to be ¢, then the ejection rate

of single electron inside the quantum dot would be

e dp

o = .
B dt

(2.25)

Where E. is the electrostatic energy of electron inside the quantum dot. The equilibrium

condition is

T < Tre. (2.26)
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If equation (26) is not satisfied, the non-equilibrium condition will dominate the trans-
portation of electron. In the non-equilibrium condition, I define the probability of n
electrons staying in the island to be P,, the ejection rate of single-electron when n elec-
trons stay in the island to be I';,. As a result, the kinetic equation of the system could

be written as

= —In(t)Pa(t) + Tnga () Paga (t). (2.27)
The boundary conditions of this equation are

Pu(to) = dn,N, (2.28)
which represents the initial case as N electrons stay in the island, and

lim Tn(t) =0, (2.29)

t——+o0

which shows the solution of the system should be convergence.

A general solution of equation is:

t
Pat) = /t e~ JTeATD Py (1) (2.30)

0

It is not enough to find a solution simply from the equations, and further assumptions

must be made.
(1) No further loading of electrons is allowed when t>0.

In this condition, I would like to talk about the process where the quantum dot and
environment is initially coupled and then decoupled. This assumption would simplify

the situation.

(2) For m>n, all the P,,(t) will only vary in a very small time scale compared
with the variation of P,(t) itself.

If T assume the change of value in time domain of P, is abrupt compared with the change
of value in time domain of P,_1, as shown above in Fig. 2.10, I can assume the deviation

of P,(t), dPy(t)/dt, is a delta function when I mathematically process equation (2.30).
(3) The tunnelling rate is well defined in the whole process.

The electron energy level is usually in the magnitude of ~1 meV. The equivalent photon
frequency is in the magnitude of ~300 GHz, which is much faster than the operation
frequency range I are interested in (~GHz). As a result, I can assume tunnelling rate is

well defined in the whole process.
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FIGURE 2.10: Decay of probability distribution. The timescale for the Nth electron
tunnels out the quantum dot is much smaller than the (N-1)th electron.

Based on the above approximation, by summation over all the integers m>n in equation
(2.27), I know that:

Foit ()Pt (t) = —2 37 Pu(t) (2.31)

/m[—d > Pu(t)dt =1 Pn(+00) (2.32)

Therefore, I can assume
d
7 mZMPM =[1- n;Pm(+OO)]5(to 1) (2.33)

If I define Xn:ftjoorn(T)dT, then from equation (2.30), (2.32), and (2.33), I can estimate
the probability distribution when the system is stable:

Py(+00) = e (1= Y Pu(+)) (2.34)

From (2.34), I can establish the relationship between P,(+00) and P,y1(+00). Based
on that, I can solve (2.34) to get

N
Py(+oo) =X ] (@—em) (2.35)

m=n+1



18 Chapter 2 Background Research

This is the probability distribution of the number of electrons inside the quantum dot

after the decay cascade process.

2.3 Single Electron Pump: Design and Realisation

2.3.1 Adiabatic Pumping

Adiabatic single electron pumping is the operation mechanism of metallic single electron
pumps. The single electron adiabatic pumping is based on the single electron sequential
tunnelling process. A schematic diagram of a conventional metallic single electron pump

is shown in Fig. 2.11:

vg1 V92
[o) o]
— — Cq2
Source o . . . O Drain
R1,C1 Rz,Cz T R3!C3
electrons electrons

FIGURE 2.11: Schematic diagram of a metallic single electron pump.

The stability diagram of the two gates when both drain and source electrodes are biased

at 0 is shown in Fig. 2.12.

FIGURE 2.12: Stability diagram of a metallic single electron pump at 0 drain bias.[57]

For simplicity point of view, the state of the system when m electrons stay in the left

island and n electrons stay in the right island will be called (m,n). At the beginning
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of the pumping process, the energy favourable state is (0,0). Each gate electrode is
modulated with an AC signal. As shown in Fig. 2.12, When the bias (Vj1, Vi) passes
the first degeneracy line under the modulation of both AC signals, the energy-favourable
state becomes (1,0), and one single-electron tunnels from the source to the left island[57].
Then when the bias (Vg1, Vy2) passes the second one, the electron tunnels from the left
island to the right island because the stable state turns to be (0,1). When (Vy1, Vg2)
switches back to the initial state, the stable state is (0,0) again, which means the electron
must tunnel to the drain lead. By switching of the energy-favourable states of the system
under the control of two AC signals, a single electron is transferred from the source to
the drain[57].

However, as stated in the previous part, although the error mechanism for the adiabatic
transport in the metallic pumps is well studied, the operation frequency is limited by
the RC constant of the metallic tunnelling junction. In order to raise the current to
meet the requirement of quantum metrology, non-adiabatic pumping, along with the

semiconductor quantum dot structure, is used and investigated.

2.3.2 Non-adiabatic Pumping

A schematic diagram of adiabatic single electron pump based on semiconductor quantum

dots is shown in Fig. 2.13:

FIGURE 2.13: General schematic model of semiconductor single electron pump

There are basically five parts in the device: source reservoir, drain reservoir, two gates
(FG1 and FG2) and a quantum dot. Usually, one of the FGs is controlled by a bias tee
connected to both DC and AC signal, while the other FG is biased at a fixed voltage.
For some of the designs, especially silicon devices, the quantum dot is also modulated by
an external bias (top gate or back gate) to give a precise control to enhance the single

particle energy spacing.
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The full operation process of non-adiabatic single electron pump can be divided into 4

processes: loading, back-tunnelling, trapping and ejecting[30, 58].

(1) Loading

FIGURE 2.14: Loading Process of the non-adiabatic single electron pump. The source
and quantum dot are metallically connected.

The schematic energy versus distance diagram is shown in Fig. 2.14. The barrier height
of entrance is lowered by the AC signal from FG1. As a result, no barrier is formed
between the source and quantum dot, and the electrons can classically move from source

to quantum dot. In this process, the quantum dot becomes 'metallic’.
(2) Initialisation

E

r s

F1GURE 2.15: Initialisation Process of the non-adiabatic single electron pump. The
electrons in the quantum dot back-tunnel to the source through quantum-mechanical
processes.

The schematic energy versus distance diagram is shown in Fig. 2.15. In this process,
the barrier between the source and the quantum dot is raised by FG1. After the tun-
nelling coupling resistance between source and quantum dot is larger than the quantum
resistance, the electrons inside the quantum dot will back-tunnel to the source reservoir
through the quantum-mechanical process. At the end of the step, the barrier height is
very high so that the coupling between the source reservoir and the quantum dot be-

comes very weak and therefore can be neglected. At the end of this process, the number
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of electrons stay in the quantum dot should be an integer determined by the parameter

of the quantum dot, described by the decay cascade model[59, 60].

This process is a non-adiabatic process, which means the operation frequency could
be higher than the RC constant of the tunnelling barrier. However, if the operation
frequency is too high, the non-adiabatic excitation would become significant, and it will

have a huge impact on the transport accuracy.

(3) Trapping

E

3

FIGURE 2.16: Trapping Process of the non-adiabatic single electron pump. One single
electron is trapped in the quantum dot, and decoupled from both source and drain.

The schematic energy versus distance diagram is shown in Fig. 2.16. At this step,
the quantum dot and both source/drain lead becomes uncoupled. A single electron is

trapped inside the quantum dot, and is not able to escape.

(4) Ejecting

> X

FI1GURE 2.17: Ejecting Process of the non-adiabatic single electron pump. The electron
trapped in the quantum dot is ejected to the drain reservoir, and the single electron
transfer process is completed.

The schematic energy versus distance diagram is shown in Fig. 2.17. When the barrier
height is further increased, because of the coupling between the FG1 and the quantum

dot, the energy level of the single electron in the quantum dot is raised, and the barrier
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between the quantum dot and drain reservoir is lowered. When the energy of the single
electron coupled inside the quantum dot is large enough, the electron is able to go over

the exit gate barrier. Therefore, the single electron transfer process is completed.

I will describe the operation of the single electron pump theoretically based on the decay

cascade model[61]. The pump current could be expressed by:

I=ef> nPy(+o0) (2.36)

From the quantum mechanics[53], I know that the tunnelling rate usually depends expo-
nentially on the height of tunnelling barrier, which is directly controlled by the external
bias. If I introduce a fitting parameter a to show this dependence, and another fit-
ting parameter § to reveal the energy spectrum of the system, I can write the following

equation,

InX, = —aV+ ) &, (2.37)
1

where V is the external gate bias. In this equation, the constant « is actually showing the
dependence between the tunnelling rate and external bias, and §; reveals the tunnelling
rate difference between different electron states inside the quantum dot, which actually
corresponds to the addition energies of the quantum dot. The theoretical expression of

Op 1is:

Xn
n = 1 2.
) n— (2.38)

Practically, X,, is much larger than X;,_;. Therefore, I can ignore all the number m>n+1
in the multipling series in equation (2.35). As a result, equation (2.35) can be further

simplified as:

Po(+00) m e~ X0 — g= Kot (2.39)

By substituing (2.39) to (2.36), I can derive the total current for the single electron

pump, Ipump,

i=n i=n-+1

Ipump =ef Z n[exp(—exp(—aV + Z 61)) - exp(—exp(—aV + Z 61))]) (240)

i=1 i=1
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« and § are very important parameters regarding the performance of the single electron
pumps. In order to understand how these two parameters impact the device perfor-
mance, I will plot equation (2.40) with some typical values for a and 6 to see the impact
of each parameter. Usually, the 1st plateau is the most important one, so I will just try
to observe the characteristics of the 1st plateau. For simplicities, all the §; will be the
same, and the unit of o will be chosen as V™! I will select three groups of (a,8) to be
(4,15),(10,15) and (4,6). The result is shown in Fig. 2.18:

2.0 — (0,8)=(4,15)

— (a,8)=(4,6)

15 (0,5)=(10,15) | /

/

0.5

o.o----/'--

4 -2 0 2 4
Voltage (V)

l/ef

F1GURE 2.18: Simulation of decay cascade model with different fitting parameters o
and 0.

From this graph, it can be noticed that both parameters o and § are very important.
) determines both width and flatness of the plateau of the single electron pump (by
comparing (4,15) and (4,6)) while o would have an impact on the width and position of
the plateau(by comparing (4,15) and (10,15)). For a good single electron pump, plateau
needs to be both long and flat to ensure a stable and accurate operation. As a result, «
needs to be small while ¢ should be as large as possible. As stated in equation (2.37),
the « reveals dependence of tunnelling rate on the external voltage, while ¢ reveals the
addition energy of the 1st electron into the system. As a result, I need to fabricate
single electron pump with small quantum dots and wide tunnelling barriers, to suppress

« while increase 4.

If I assume the size of the device as L, the charging energy will be inversely proportional
to area, i.e., propotional to L™2. When the thickness of the Si nanowire is not comparable
with the inversion layer thickness, 3nm[62], the electrons will be confined in 2-D region.
Since the quantisation energy is proportional to L=2 as well, the charging energy and

quantisation energy are comparable. As a result, they both play important role on
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the value of §. If I scale the device down further so that the Si nanowire thickness is
comparable to the inversion layer thickness, the 2-D confinement assumption is no longer
valid and the quantisation energy is proportional to L=3. It will increase much faster as

the device is scaled, and therefore dominate J in the case of ultrascaling to 3nm.
The error in the single-electron pump operation comes from several sources:

First is the thermal-assisted tunnelling. If the temperature is high, the thermal kinetic
energy will have a high impact on the Hamiltonian of the single electrons in the system,
resulting in larger deviation from the decay cascade model. This error source can be

controlled by reducing the ambient temperature to ~10 mK).

Second, as stated, is the systematic error in the initialization step. The intrinsic flatness
of the plateau significantly depends on ¢§ in the decay cascade model. If the energy level
spacing of different electron states in the quantum dot is not large enough, i.e. the scale
of the device is large, the intrinsic error will be the dominant error source, especially in

low frequency operation.

Third error source is coming from non-adiabatic excitation due to high operation fre-
quency. When the operation frequency is high, the electron inside the quantum dot may
be excited in this non-adiabatic process, and causes unwanted back-tunnelling in the
process. This will also result in deviation from decay cascade model. This will be the

dominant factor when the device is operated at a high frequency.

Several ways to suppress this error source have been proposed, first, I can use special
control wave to reduce the non-adiabatic excitation and other high-frequency related

errors.

If T use a standard sine wave, as shown in Fig. 2.19, the four processes will be very close

to each other in the time domain[30]:

“VeF 1 2 34
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F1GURE 2.19: The timescale of the loading, initialisation, trapping and ejection event

of non-adiabatic pumping while operating with a sine wave. The 1, 2, 3, 4 points

shown in the figure correspond to the loading, initialisation, trapping and ejection
event, respectively.[30]

This means the actual equivalent frequency of initialisation step is actually higher than

the operating frequency. A simple idea is to spread the time-scale difference between
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the four steps. The idea was realised by NPL, they use a special wave called ’arbitrary

wave’. The wave of the AC signal is shown as below:

-V
AF 1 2 3 4

2nft

FI1GURE 2.20: The timescale of the loading, initialisation, trapping and ejection event of

non-adiabatic pumping while operating with a specially-designed arbitrary wave. The

1, 2, 3, 4 points shown in the figure correspond to the loading, initialisation, trapping
and ejection event, respectively.[30]

In the specially designed AC signal, the time-scale difference between the four steps
is almost the same. The slope initially between 1,2 and 3 is actually equivalent to a
sinewave with one fifth of the operating frequency, and NPL has proven that this will
enhance the maximum operation frequency up to 5 times with the same transportation

accuracy|[30].

Second, I can also apply high perpendicular magnetic field in order to enhance the
performance of single electron pump[63, 64]. With the applications of magnetic field, the
electrons will be confined at the edge of the channel, and therefore the addition energy
of the 1st electron will also increase. Also, the tunnelling rate will be less sensitive to
the electrical field due to the additional impact of magnetic field. Therefore, the plateau

will become flatter and wider.

NPL group has investigated on the influence of magnetic field on the output character-

istics of single electron pump both theoretically and experimentally.

300 - f=04 GHz

B=14T
1ef _
150—_/_/ 4T

B=0T
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F1cURrE 2.21: Influence of Magnetic Field on the current-voltage characteristics of the
single electron pump.|[65]
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As shown in Fig. 2.21, the flatness and width of the plateau is significantly increased
with higher magnetic field when the magnetic field is below 10 T. When the magnetic

field is above 10 T, the flatness of plateau seems to be saturated in the experiment.

They explain the results theoretically by estimating the back-tunnelling rate in the decay

cascade model[65].

Assuming the barrier potential profile is a Gaussian one, they find that the back-
tunnelling rate in the initialization step is reduced and more sensitive to the value of
barrier height at the high magnetic field due to the extra confinement to the single elec-
tron in the quantum dot. The quantum confinement energy is also increased, resulting
in larger value of ¢ in decay cascade mode. As a result, the plateau becomes flatter.Also,
from the derivative curve of the I-V characteristics for the single electron pump, they
find the small peaks found at high frequency operation caused by non-adiabatic exci-
tation is suppressed by high magnetic field. They claim this improvement is due to
extra enhancement on confinement added by magnetic field as non-adiabatic excitation

depends strongly on the strength of perturbation of the wave function.

Third, scientists can suppress the high-frequency error by parallel operation[66]. If sev-
eral single electron pumps can be run parallelly, I could get the same current with much
lower frequency. Therefore, high-frequency error coming from non-adiabatic process can

be suppressed.

In total, the accuracy of non-adiabatic single electron pump is mainly limited by the
excitation of single electrons originated from the high-frequency operation. Based on the
solutions, scientists and engineers have proposed many device structures for the single

electron pumps. They will be introduced in the next part.

2.3.3 Variations of Designs

Many designs of single electron pumps, based on GaAs or Si quantum dot structure,

have been given by different groups.

GaAs devices and silicon devices are both widely used for this application. The advan-
tage of GaAs device is due to high electron mobility in HEMT (high-electron-mobility-
transistor) structure, and the advantage of silicon device is the compatibility with CMOS
platform and more likely to achieve parallel operation due to the well-established CMOS

fabrication technology. I will introduce some typical designs for both two groups.

For the GaAs devices, a most typical design is given by NPL and the structure is shown
in Fig. 2.22:
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FIGURE 2.22: A conventional GaAs pump design from NPL. The quantum dot is drawn
as a red spot in the figure. The RF signal is connected to the entrance gate.[30]

In this design, they were using the coupling between entrance gate and quantum dot to
control the quantum dot in 2-D electron gas. The device was fabricated on a GaAs/-
GaAlAs hetero structure. The conducting channel was 2 ym wide. The carrier concen-

tration was 2.7x10'® m~2 at 1.5K and the mobility corresponding was 70 m?/V.s.

The design was simple and straight-forward, almost the same as the schematic diagram
in Fig. 2.13. The device was able to be operated at 630 MHz with the accuracy of 1.2
ppm, which was equivalent to 1.2 aA[30].

A group from Korea Research Institute of Standards and Science gave a more complex
design for GaAs pumps with better gate confinement of the quantum dot[67, 68]. The
shematic diagram and SEM images of the devices are shown in Fig. 2.23[69, 70]:

This design was more complex compared with the design in NPL. The quantum dot
was controlled by four gates: a trench gate and three side gates. The shape of the
potential well inside the HEMT structure could be sharper and deeper under the control
of the trench gate, therefore energy level spacing between different electron states was
increased. That would help increase the 4, value in the decay cascade model, and
therefore improve the performance. The side gates, GP, also gave extra confinements on
the quantum dot, and they found the confinement of electron was significantly enhanced
while asymmetric potential profile was applied on side gates. They claim it was because
the asymmetric potential profile effectively reduced the size of the quantum dot by

pushing the single electron to one side in 2-D electron gas.

The devices were measured at 300 mK with 13.5 T external magnetic field, and achieved
the accuracy of 0.3 ppm with the operation frequency of 500MHz. The result was im-
proved compared with the designs of the simplest design given by NPL, which revealed
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F1cUurE 2.23: A GaAs pump design from South Korea. The quantum dot is drawn

as a red spot in (a). The RF signal is connected to the entrance gate. (a) shows the

schematic diagram while (b) shows the SEM image of the device. The quantum dot is
modulated by both trench gate and the side gate.[69,70]

that the optimisation of the single electron pump designs was able to enhance the per-

formance of the single electron pump.

For the silicon device, A. Fujiwara from NTT first achieved a Si single electron pump in
2001[71]. The device structure is shown below:

The device was based on nanowire FET and fabricated on an SOI chip with 200 nm
buried oxide layer to reduce the leakage and parasitic capacitor, which were potential
limiting factors of the device performance. The gate length of their devices were around
50 nm while the spacing of gates were around 125 nm. The nanowire was 30 nm wide

and 30 nm thick. The thickness of polysilicon gate was around 125 nm.

In their device design, they used double-layer gate to provide better control of the
quantum dot[72]. The quantum dot was mainly controlled by the upper gate shown
in the graph above. They were able to operate the device with 2.3 GHz frequency, at
20 K and with no magnetic field. The uncertainty was limited by the resolution of the
equipment[73].

French group from Leti fabricated single electron pump using industrial CMOS platforms

with similar structure. The difference was that they were using back-gate to control the
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FIGURE 2.24: A conventional Si pump design from NTT. The quantum dot is drawn
as a red spot in the (a), and shown as red regime in (b). The RF signal is connected
to the lower gate G1. The quantum dot is modulated by the upper poly-Si gate.[73]

quantum dot rather than top-gate to reduce the complexity of fabrication, and made
the device more compatible with the CMOS fabrication platform|[74].

They could successfully operate the device in 0.5 K environment with no magnetic field
at 650 MHz with the uncertainty level 0.15%, which was limited by the resolution of

measurement system|75].

Unlike conventional MOSFET structure, the UNSW group introduce a side-gate con-
trolled 2-D electron gas structure to build silicon single electron pump|[76]. An SEM

image of their device is shown in Fig. 2.26.

All the gates were Aluminium and they were using Aluminium Oxide as the isolation
between different gates. The device was measured at 80mK with no magnetic field.

They successfully operated the device at 0.5 GHz with the uncertainty of 29 ppm|[77].

In the above part, I listed several designs of single electron pumps, where the quantum
dots have originated from the gate-defined structures. From the result shown above, 1
can see the complex gate designs can enhance the device performance by extra control
of the quantum dot. However, complex structure is also a trade-off due to the difficulty

in reliable fabrication.
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Island

F1GURE 2.25: A conventional Si pump design from LETI. The quantum dot is drawn as
a red point in (b). Both gates are connected to an individual RF source. The quantum
dot is modulated by the back gate connected to the substrate.[75]

F1GURE 2.26: A Si pump design from UNSW. The quantum dot is drawn as a red
point. Both gates BL and BR are connected to an individual RF source. The quantum
dot is modulated by the PL.[77]

The quantum dot can also come from natural-defined structures, such as dopants and
charge traps. They are also used as the quantum dot in the single electron pumps. NTT
contributes a lot to this area. They tried to deliberately place a single dopant by ion
implantation as shown in Fig. 2.27[78]:

In this device design, they used arsenide atom as the quantum dot. They show that
the threshold voltage of the I-V characteristics would be shifted with back-gate bias to
prove the single electron transfer was through the single dopant rather than quantum
dot formed by gates|78]. The performance was not good compared with the gate-defined

structures, possibly coming from the large scale of the device.
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FIGURE 2.27: A Si dopant pump design from NTT. The quantum dot is the As dopants
between MG and RG. The quantum dot is modulated by the upper poly-Si gate.[78]

In 2014, instead of using deliberately positioned atom, they tried to find devices with
natural-formed trap as the quantum dot[79, 80]. The device structure was similar as the

ordinary single electron pump they fabricated:

UG (poly-Si)

F1GURE 2.28: A Si trap pump design from NTT. The quantum dot is a trap located
between G1 and G2. The quantum dot is modulated by the upper poly-Si gate. The
G1 is connected to an RF source.[79]

The device was measured at 300 mK with 1 GHz operation, and the accuracy was found
to be around 0.92 ppm|81]. The activation energy of the charge trap was estimated to
be 37 meV according to their model.

However, the yield of this kind was extremely low: 1 per 100 devices. The fabrication
of the trap-based pump was very unreliable at the moment. Scientists are trying to find

methods to precisely place single dopant, but is it still far from reliable fabrication[82, 83].

As discussed in the quantum metrology triangle, the electron-counting scheme is required
in the ideal design for the single electron pump. Although it is not mandatory regarding

the operation of the single electron pump, it will help scientists monitor the number of
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electrons in the island, and therefore have a better understanding on the non-adiabatic
single electron transfer process in the single electron pump. The basic idea of the

electron-counting scheme is shown in Fig. 2.29:

R1!01
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FIGURE 2.29: Schematic of circuit diagram for charge detection scheme. The SET is
used as a current sensor.

A detector, which is usually a single electron transistor, is capacitively coupled with the
quantum dot. The parameter of detector should be carefully designed to make sure it is
working at its most sensitive point when there is one electron in the island. If a transfer
error occurs during the operation, ideally, I could observe the error by the shift of detect
current[84, 85]. In this way, I could estimate the error rate and improve the accuracy
of the system. Besides, this structure is able to detect loading and ejection processes

separately, and scientists are able to investigate the device physics with more details.

However, practically, the detection bandwidth of the detector usually limits the operation
of single electron pump[86, 87]. The operation frequency still needs to be improved to

satisfy the requirement for the quantum metrology triangle[88].

NTT groups have fabricated a single electron pump with a CMOS-compatible silicon
single electron transistor as the charge detector[89]. The device design is shown in Fig.
2.30:

They successfully operated the device with a properly working detector at 10 MHz. The
error rate was around 100ppm. They could clearly see when the transfer error happens
by looking at the detection current flowing through single electron nanowire FET, and

they find the error was dominated by error in the loading process[90].

UNSW group was also able to make a pump using their side-gate structures with single

electron counting scheme. The result is shown in Fig. 2.31:

The counting scheme was also a single electron transistor in their design. The unique
feature of their design was that they added a PID controller in the detection system|[91].

The PID controller was used to fix the operating point of the detecting single electron
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F1GURE 2.30: A Si pump design with charge-detection scheme from NTT. The charge
detection scheme is a Si single electron transistor capacitively coupled to the electron
node.[89]

o

500 nm "~
.

FI1GURE 2.31: A Si pump design with charge-detection scheme from UNSW. The charge
detection scheme is a Si single electron transistor, controlled by B1 and B2, and capac-
itively coupled to the electron node.[91]

transistor to make sure it is working at its most sensitive point. They claimed that this

design would help to reduce the low-frequency noise and give a better performance.

The device was measured and only achieved the accuracy of around 10%. The problem
was the weak coupling between the single electron transistor and single electron pump

actually limited the operation.

In total, the detection bandwidth is limited by the weak coupling between the detection
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single electron transistor and the single electron pump. This requires a lot of effort of
improvement in fabrication in order to reduce the distance between the detection part

and single electron pump, which will enhance the coupling between them.

2.4 Fabrication of Si nanowire device

From the designs introduced in the previous part, I could find that one of the key

elements of silicon single electron pumps is the silicon nanowires.

Silicon nanowire is usually defined as a quasi-one-dimensional structure with its cross-
section dimension of 100 nm or less[92]. The surface to volume ratio is extremely large in
silicon nanowire, which results in much better control of the potential level than devices
based on bulk silicon[93]. The silicon nanowire has been used in the design of many
different devices, e.g., single electron devices[94], tunnelling-field-effect-transistor[95],

solar cells[96] and so on.

The way to fabricate silicon nanowire devices can be classified into two categories: top-

down processes and bottom-up processes.

Top-down process is the conventional way to fabricate silicon nanowire[97]. It is a
more mature process compared with the bottom-up process, and is therefore much
more reliable thanks to the compatibility with the state-of-the-art CMOS fabrication
platform[98, 99]. However, it is not a self-aligned process and therefore hard to form
complex structures[100]. A typical top-down process to fabricate silicon nanowire is

shown as below:

[ Intrinsic silicon
Silicon dioxide

I Mask
N - S - N - e
Initial SOI Oxidation Thin down and Patterning  Anisotropic Etching

FIGURE 2.32: Schematic Diagram of a Top-Down Process. The thin-down process is
achieved by oxidation and HF etching. The wire is finally formed by anisotropic etching
process.

The fabrication of silicon nanowire is usually based on a silicon-on-insulator (SOI) wafer.
The thin-down process is normally achieved by oxidation and following HF wet etching.
After the thin-down process of silicon nanowire, the mask is patterned, and anisotropic
etching is applied to define the nanowire regime. Reactive Ion based etching has a better
vertical profile, while wet etching gives less roughness and charge traps at the nanowire

surface[101]. Silicon nanowire is a quasi-1-D dimension structure, so it is very sensitive
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to the surface properties. Compared with dry etching, anisotropic wet etching is easier

to realise good performance and reliability.

For silicon, one of the most common wet etchant is TMAH (tetramethyl ammonium
hydroxide), which is metallic-free, nontoxic and IC-compatible[102]. TMAH will etch
silicon <100> plane and the boundary of etching area is defined by <111> plane, and

will create undercut on the mask as shown below:

Undercut

FI1GURE 2.33: Schematic Diagram of TMAH Undercut in a <100>-oriented SOI wafer.

The undercut of TMAH etching is one of the main issues in TMAH application. The
undercut depends strongly on the selectivity between <111> and <100> plane: the
higher the selectivity, the smaller the undercut. The reason for this anisotropic etching
is not fully understood at the moment, but has been confirmed to have relationship with
the density of atoms between planes. The active energy required to remove an atom
from <111> plane is also larger than <100> plane, which may also contribute to the
selectivity[103].

One of the most common method to improve the performance is using IPA as the solution
of TMAH instead of traditional water solution[104]. The undercut and smoothes are
both significantly improved with the additive of IPA.

It is also possible to grow the Si nanowire by the bottom-up process. The bottom-up
process is firstly developed by Wagner and Ellis[105]. They use VLS (vapour liquid

solid) growth to form silicon nanowire as shown below:

(a) (b)

FIGURE 2.34: Schematic Diagram of Bottom-up Process. The nanowire is grown by
using gold particle as catalyst.[105]

In the bottom-up process, first, physical vapour deposition process is applied to form

an ultra-thin gold layer, and then the surface is annealed to generate single catalyst
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particles. The catalyst particles are therefore placed on top of the surface in the first
step and will act as a silicon collector. Then, high-order silane gas flow is sent to the

system, and silicon nanowire will automatically start to grow on the particle.

There are several advantages of this process[106]. Unlike top-down way where nanowire
can only form on top of oxide layer, silicon nanowire is able to be grown on different types
of substrates. Besides, bottom-up process is able to achieve vertical silicon nanowire,

which is very difficult to fabricate with top-down processes.

However, the high-precision placement of the gold particles is still a significant problem
and therefore reliability of this method is much poorer than bottom-up processs. Also,
gold is a very dangerous particle in silicon fabrication process due to its large diffusion
coefficient which would potentially cause device failure, so it is still not fully compatible
with the modern CMOS fabrication. Some gold-free process has been proposed to avoid
this problem[107, 108].

Reliable fabrication of silicon nanowire remains a problem in the semiconductor industry.
The difficulties stay in many processes including alignment, doping, contact, dielectric

and so on.

The alignment of silicon nanowire is critical. E-beam direct writing lithography is usu-
ally used to fabricate silicon nanowire. However, it is not practical in the actual industry
manufacturing due to the extremely low writing speed. For the bottom-up process, peo-
ple usually use a damascene process[109] to form silicon nanowire. They would create
patterns in the dielectric to form slots, and grow silicon nanowire in these slots to align
the fabrication with the pattern. Traditional CVD can only form poly-crystalline sili-
con nanowires using this technique, and catalyst must be used to form single-crystalline
silicon. Several techniques on alignments, such as electric-field alignment[110] and mi-
crofluidic alignment[111], have been proposed, but they all have either yield problem or

integration density limitation.

The doping of silicon nanowire is also a significant issue. The small size makes it very
difficult to implant precisely. Besides, ion implantation will also damage the surface
of crystalline silicon, and is hard to recover due to the thin nanowire. In-situ doping
bottom-up processes have been proposed[112], but high doping concentration is still
difficult to be achieved.

It is also not easy to form a good Ohmic contact with silicon nanowire[113]. Usually

silicide is used to solve the problem[114].

The gate dielectric is one of the most challenging and activing research field in silicon
nanowire. The gate dielectric must be fabricated very carefully to avoid any traps in
silicon-oxide interface, as silicon nanowire is a quasi-one-dimensional structure and ex-

tremely sensitive to the surface roughness or charge traps. Silicon dioxide was used in the
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early stage due to its good interface quality[114]. High-k dielectric atomic layer deposi-
tion is also a good choice in fabricating when the device is scaled[115], but the interface
quality and mobility degradation are significant issues and limiting the performance of

silicon nanowire devices[116, 117].

In total, there are many challenges in the actual fabrication of Si nanowire devices,
including alignment, doping, dielectric quality and so on. As a result, I need to take

extra care of the fabrication for the single electron pump, which is based on Si nanowire.

In our device design, in order to modulate the quantum dot more precisely, I will choose
similar structures with NTT group design, with double-layer triple gates. In this case,
I have an individual top gate to modulate the potential and give extra confinement to
the electrons in the quantum dot. This design is CMOS-compatible fully-Si process, and

therefore has the potential for mass production.

I can still make some improvements based on their design. First, the Si nanowire in
NTT group design is formed from anisotropic dry etching. It is not easy to control the
interface condition in dry-etching, as it is easy for the plasma to damage the surface
and therefore form traps. In our device, I will use TMAH to perform anisotropic wet
etching, in order to create an atomically-flat nanowire surface. This will reduce the
trap density and improve the reliability of the device. Second, they use deposited SiO-
as the insulating oxide between lower gates and the top gate. In order to reduce the
leakage, significant thickness of oxide is required. In our design, I will oxidise the poly-Si
to create insulating oxide. This thermal Poly-Si oxide will have a better quality, and
therefore thin insulating oxide can be achieved. This will improve the scaling ability of

our design.

Based on all these discussions and understandings, I will fabricate our own single electron
pumps. The fabrication processes of my single electron pumps will be shown in detail

in chapter 3.






Chapter 3

Fabrication of Single Electron

Pump

I have successfully fabricated a batch of single electron pump, using the facilities from
Southampton Nanofabrication Centre. In the following part, I will introduce the mask
design and layout for the single electron pumps, and then go through the fabrication
process flow to show the actual fabrication process of single electron pumps based on

our design.

3.1 Overview of the device layout design

As discussed in the previous part, my single electron pumps will be similar to the
NTT device structure. However, I will use TMAH wet etching to form an anisotropic
nanowire surface, and use thermal poly-Si oxide as the insulating oxide between the
gates. Schematic diagrams of the device structure in the key operation region are shown
in Fig. 3.1.

Seven e-beam lithography steps are required in this lot: Alignment Mask Layer (A),
Silicon Nanowire Layer (L), Dopant Layer (D), Polysilicon First Gate Layer (FG), Top
Gate Layer (TG), Contact Window layer (Cont), Metal Layer (M1). The general mask

layout of a die in the wafer is shown in Fig. 3.2.

There are totally 8 types of designs for the single electron pumps. and I will briefly

introduce them here to show the motivation of the designs.

First, the difference is about the metal layer layout. For one categories of the design,
the metal layer is made very large, so that only one device is allowed in a 2.5 mm X

2.5 mm subchip. These categories are named as 'Primary design’ in Fig. 3.2. For the

39
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1L Gate Oxide

BOX
Substrate

—M-E-
BOX

Substrate
I TG Poly-Si I FG Poly-Si Il n+ Si

FIGURE 3.1: Schematic diagram of the device design in the key operation region.

(a) shows the 3-D view of the proposed device structure, while (b) shows the ideal

cross-sectional structure of the device. The metal connection part is not shown in the
schematic diagram.

other categories, the metal layer is made small enough so that 16 devices are allowed in

a subchip. These categories are named as ’Secondary design’ in Fig. 3.2.

For one type of the design, I does not directly connect the large Si source/drain pads
to the Si nanowires. Instead, I first connect the Si source/drain pads to Si pads with

wide wires, and then connect the wide wires to the real Si nanowires. The purpose of
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_ Secondary design 1: 16 2FG devices Secondary design 2: 16 2FG devices
B secondary design 3: 16 2FG devices MM Secondary design 4: 16 2FG devices

I Frimary design 1: 2FG devices I Primary design 2: 3FG devices
Primary design 3: 2FG devices I Primary design 4: 3FG devices

_ Accessories

FIGURE 3.2: Layout arrangement of the mask design. The designs that each sub-chip
will carry is shown in the figure.

this design is to minimise the e-beam diffraction on the Si nanowires. ’Primary design

1’ and ’Secondary design 1’ are realisations of this type.

For one type of the design, I expand the size of the large Si source/drain pads so that it
will be directly connect to the Si nanowires. The purpose of this design is to reduce the
resistance between the doped source/drain pads and the nanowires. ’Secondary design

2’ is the realisation of this type.

For one type of the design, I expand the size of the Si nanowires so that it will be
directly connect to the Si source/drain pads. The purpose of this design is to eliminate
the e-beam diffraction on the Si nanowires. ’Secondary design 3’ is the realisation of

this type.

For one type of the design, I fixed the position of the dopant windows. As a result, the
distance between the edge of the dopant windows and the Si nanowire will be different
(while it is the same for the other designs.). The purpose of this design is to investigate

the dopant diffusion length. "Secondary design 4’ is the realisation of this type.

For one type of the design, instead using two first gates, I will use three first gates.
This design will help investigate the characteristics of the ejected electrons in the non-

adiabatic operation. 'Primary design 2’ is the realisation of this type.

For one type of the design, I will make a topological quantum dot in the same region
where a quantum dot should be formed in the Si nanowire. This design will help in-
vestigate the characteristics of the quantum dot. ’Primary design 3’ is the realisation
of the two first gates version and ’'Primary design 4’ is the realisation of the three first

gates version.

A detailed description of the design parameters, and the actual L-edit layouts, will be

introduced in the appendix.
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3.2 Fabrication Process Flow

The wafers used to fabricate single electron pumps are 6-inch <100> SOI wafers with
145 nm buried oxide layer. The thickness of silicon layer is around 100 nm. I have four
wafers, wafer 1 (W1), wafer 2 (W2), wafer 3 (W3), wafer 4 (W4). The W4 is successfully
fabricated, so in this part I will just introduce the fabrication process flow on W4. The

detailed silicon thickness profile for the four wafers are shown in Fig. 3.3, respectively:

Waferl  Thickness # 2 in nm vs. Position waterz  Thickness # 2 in nm vs. Position
9 - 100.00

6 98.63

3 97.25

o 05.88

>

-3 94.50
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9 91.76

9 6 -3 0 3 6
X (cm) X (cm)
Waberd Waterd
Thickness # 2 in nm vs. Position Thickness # 2 in nm vs. Position
100.00
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3 97.39 3
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FicUure 3.3: SOI thickness profile of the four wafers.

There are four dies, A, B, C and D, on W1, W2 and W3, while only A and B are

fabricated on W4. The position for the four dies on the wafer are shown in Fig. 3.4.
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94.39

92.98
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9

FIGURE 3.4: Position of dies on a single wafer.
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A general fabrication process flow is shown in Fig. 3.5 as an example:

Nanowire definition

Dopant Diffusion

First Gate Definition

Top Gate Definition

Contact Opening

| Nanowire defintion |
*
A
*
*
*

Metallisation

Dicing and Wire-bonding

F1GURE 3.5: General fabrication process flow of the device designs, based on the e-beam
lithography required.

3.2.1 Nanowire definition

As discussed in the background research part, the definition of nanowire include two

steps: thin-down (vertical direction) and etching (planar direction).

The thin-down process was done by oxidising the silicon layer at 1000° C and remove
the SiOs by HF. In our wafer, 54 nm-thick silicon layer was removed in this process. In
order to achieve precise control, I removed the proposed silicon layer in two steps. 27
nm-thick silicon layer was removed in each step. In this way, the thin-down process is
precisely monitored. Then I oxidised the Si surface to grow 20 nm oxide, which were

used as hard mask in the e-beam patterning step.

Then I patterned the silicon nanowire, and reduced its size in the planar direction. The
resist was 30 nm-thick HSQ (2% concentration), which was a negative resist and can
be etched by SiOs etchant. After the patterning and developing of resist using e-beam
lithography, I used RIE etching to etch the silicon oxide layer. However, the selectivity
regarding HSQ and SiO; is poor (2:1) due to the intrinsic oxide property of HSQ. As a
result, the etching process was performed in multiple steps to allow the precise control
of Si dry etching. At the end of the etching process, there was only 5 nm SiOy covered

on the nanowire regime.
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After the e-beam patterning and dry-etching, I cleaned the surface using FNA, and
then apply TMAH wet etching to define the width of nanowire. I used 25% TMAH
etching with TPA, and applied 1500% over-etching in order to get a clean surface with
no roughness at the edge. The schematic diagram of the structure after TMAH etching
is shown below:

I Intrinsic silicon
[ sio2

PLANE VIEW

5nm thermal oxide

5nm thermal oxide

Nanowire

210) ¢

Substrate

A-A’ CROSS-SECTION B-B’ CROSS-SECTION

F1GURE 3.6: Schematic diagram in the nanowire definition step. Atomically-flat <111>
nanowire surfaces are formed by TMAH etching.

An SEM image of a nanowire fabricated at this step (with the design nanowire width to

be 50 nm) is shown below:

I 100nm JEOL 4/26/2016
¥ 140,000 5.0kV SEI SEM WD Smm

F1GURE 3.7: SEM image in the nanowire definition step. The HSQ mask is still covering
the Si nanowires, and the width of Si nanowire is measured.



Chapter 3 Fabrication of Single Electron Pump 45

The width of nanowire measured from the SEM image was 45.5 nm, which was close to

the design value. This shows a good alignment between fabrication and design.

3.2.2 Dopant diffusion Window

After the nanowire definition step, I removed the 5 nm SiO, hard mask, and then re-
oxidised the silicon nanowire to form the 20 nm gate oxide. In this process, the scale of
the device was also reduced in both vertical and lateral directions due to the thermal

oxide.

In this single electron pump, I used raised source/drain technique in order to protect
the S/D surface. As discussed in the literature review part, the doping of Si nanowire
was difficult and might damage the surface. In our device, I deposited poly-silicon from
LPCVD directly on top of S/D regime to protect the S/D nanowire surface, and useed
the Poly-Si as the diffusion media.

In the actual fabrication step, after patterning of the dopant diffusion layer with PMMA950,
I used wet process to remove the SiO2 in order to get a clean and undamaged surface.
However, the total etching time must be accurately controlled. Significant over-etching
of SiO9 will etch all the BOX layer underneath Si nanowire, and lift it off. In our fabri-
cation process, I chose 50% over-etching to avoid this potential problem. An SEM image

after the patterning process is shown in Fig. 3.8:

6/2/2016
WD 6mm 4:33:16

FiGUure 3.8: SEM image of a device before the dopant window opening step. The
dopant window is shown as dark region in the SEM image.

After the patterning process, I used diluted HF to remove the native oxide, followed

by depositing Poly-Si immediately to avoid the re-growth of native oxide. Then, I
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will perform the dopant drive-in process using RTA. The dopant used for this drive-in
process is P507 manufactured by Filmtronics, with 4% concentration of phosphorus.
The diffusion time for this step is 1 minute, at 950° C, in Ny environment. The time
was determined by a test, which is introduced and summarised in the appendix. After
this drive-in process, the remaining dopants at the Poly-Si surface were removed by 20:1
HF. At this point, the Poly-Si should be fully metallised.

A schematic diagram of the device structure up to this step is shown below in Fig. 3.9:

I intrinsic silicon
[ silicon dioxide
I Polysilicon
I Doped silicon

PLANE VIEW

Hard Mask
Nanowire

BOX

Substrate

A-A’ CROSS-SECTION B-B’ CROSS-SECTION

F1GURE 3.9: Schematic diagram of the device after the polysilicon deposition step.
Direct connection between metallised poly-Si and crystalline-Si are made to allow the
dopant diffusion.

3.2.3 First gates definition

After the dopant drive-in and metallisation process, I patterned the first gate layer along
with the raised S/D regime. The e-beam resist used in this step is 100nm-thick HSQ
(6% concentration). Thick resist is used to cover the steps originated from the step-
height of Si nanowire. After patterning, I will use a carefully-developed ICP vertical
etching recipe. This gas used for this ICP etching are HBr and O plasma. I were able
to achieve >30:1 selectivity between Si and SiOg, with a vertical etching profile. The
detailed information about this dry-etching recipe is included in the appendix. I applied
the recipe to pattern the Poly-Si layer with 100% over-etching. The high-selectivity

recipe was applied to make sure the gate oxide is well protected.

I confirmed that 50 nm/50 nm Line/Space is the minimum size that can be achieved with
this e-beam resist and the ICP etching recipe, according to the SEM images obtained
in the test.

A schematic diagram of the device structure up to this step is shown in Fig. 3.10:



Chapter 3 Fabrication of Single Electron Pump

47

PLANE VIEW
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FIGURE 3.10: Schematic diagram of the device after the FG definition step. Two first
gates are formed by ICP dry etching.

In Fig. 3.11, two SEM images of a device are shown in different scales, respectively.

The device was with 50 nm designed nanowire width, 50nm gate length and 100nm gate

spacing. I confirmed a good definition of FG gates, raised source and drain by the SEM

images.
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& &

— 100nm JEOL 7/4/2016
2.00kV SEI SEM WD Smm 1:34:14

- lpm JEOL 7/4/2016
2.00kV SEI SEM WD Smm 1:36:33

FIGURE 3.11: SEM image of the device after the FG definition step. Two first gates
were clearly observed in the SEM image.
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3.2.4 Top gates definition

After the FG gate definition, I used dilute HF to remove the damaged oxide (~ 5nm) in
the previous step, and then perform an RTA oxidation (950° C for 3 minutes) to oxide

the Poly-Silicon. This oxide is 6 nm, and was used as the insulating oxide between FG
and TG layer.

After RTA oxidation, LPCVD Poly-Si were deposited. After the deposition process,
dopant drive-in process was performed at 950° C for 1 minute in N9 ambient using RTA.
Next, the dopant was removed by HF, and the TG layer was patterned using 100 nm-
thick HSQ (6% concentration). The high-selective HBr/Oy ICP vertical etching recipe
was applied again to pattern the top gate. A schematic diagram of the device structure

up to this step is shown in Fig. 3.12:

[N intrinsic silicon
[ silicon dioxide
| Polysilicon
I Doped silicon

PLANE VIEW
TG-FG insulating oxide

TG

FG1 FG2 Raisedjil

Gate Oxide
Nanowire
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A-A’ CROSS-SECTION B-B’ CROSS-SECTION

FIGURE 3.12: Schematic diagram of a device after the TG definition step. The insu-
lating oxide is created by RTA thermal oxidation.

An SEM image of a device after the patterning of TG is shown in Fig. 3.13. From the
SEM image, I confirmed a good definition of the top gate layer by the SEM images.

3.2.5 Contact Opening

After the forming of the top gate layer, I needed to deposit 250 nm PECVD oxide on
the TG layer in order to passivate the device region and protect the devices from being
contaminated. After that, I opened windows on the oxide regime covered raised S/D,
FG and TG layer. The contact windows were used to form the direct contact between

the metal and Poly-Si layer.
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10pum JEOL 8/16/2016
2.00kV SEI SEM WD 5mm  10:11:48

FI1GURE 3.13: SEM image of a device after the TG definition step. Clearly-defined TG
were observed.

ZEP was used as the resist for the e-beam patterning. After successful patterning of
the cont layer, wet etching was applied to remove the SiO2 covering the windows. Wet-
etching was preferable than dry etching because it did not damage the Poly-Si surface
and it will create smooth surface for the metal to cover. The time for the wet etching
must be controlled accurately. If the wet etching was not enough, the metal was unable
to form direct contact with the poly-Si layer. If the over-etching was too much, the
contact would be larger than the area of the SOI layer, which will cause the possible

short-circuit issue when patterning metals.

I chose 100% over-etching to make sure that a good contact is formed and the over-
etching is not significant enough to form a short-circuit. An optical image of the device

structure up to this step is shown in Fig. 3.14:

3.2.6 Metallisation

After the contact opening, I used lift-off process to pattern the metal layers. 300 nm
PMMA/MMA is used as the e-beam resist. After successful patterning, I used HF to
remove the native oxide on top of Poly-Si layer for a good quality metal-semiconductor
contact, followed by immediately deposition of the metal by evaporation. The metal
contained 180 nm Aluminium and 20 nm Titanium. Titanium was used as the barrier

metal to stop the fast diffusion of Aluminium into Si layer.
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F1cURE 3.14: Optical image of the device after the Contact opening step. Wet-etched
round contacts can be observed.

After depositing of Aluminium, I performed the lift-off process. NMP was used as the
lift-off developer. Due to the insufficient thickness of resist (ideally should be three times
the thickness of metal layer), I had to apply ultra-sonic wave to assist the lift-off process.

However, this damaged the contact of Aluminium, which reduces the yield of the device.

After that, I performed the last step, which was forming gas annealing. As discussed
in the background research, slight diffusion will help increase the contact quality, but
significant diffusion would result in short-circuit. As a result, the annealing time must
be well controlled. The devices were annealed at 450° C in Hy and Ny environment for

7 minutes. An optical image of the device after final metallisation is shown in Fig. 3.15.

F1GURE 3.15: Optical image of the device after the metallisation. Metal layers can be
observed.



52 Chapter 3 Fabrication of Single Electron Pump

3.3 Yield Analysation and summary

After the successful fabrication of the devices on the wafers, I performed the room
temperature measurement to check the yield of the device. The result is summarised in
Fig. 3.16.

. Yleld Map (Before Wire-bonding) - All gates working Some gates working - Not working

Chip B

Analysis: totally 736 devices were fabricated

‘All gate working’ devices: 94

Accessories

‘Some gate working’ devices: 91

‘Not working’ devices: 551

No current (design appropriate): 235
Short Circuit: 84

Chip A Aggressive Design: 232

FIGURE 3.16: Yield summary of the wafer W4. The functionalities of each individual
device are marked in a schematic die layout. 94 devices show complete functionalities.

736 devices were measured at room temperatures to confirm if the device is working. 1
found 94 devices are ’fully-working’, which means all the FGs and TGs are functional
and can turn off/on the device individually. For these devices, successful fabrication
is confirmed, and the device has the potential to work as single electron pumps at low

temperatures.

A typical output characteristics of the 'fully-working device’ is shown in Fig. 3.17.
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FIGURE 3.17: A demonstration of a

fully-working device. All the gates are able to

turn ON/OFF the transistor, showing ability to modulate the potential in the device

channel.
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91 devices have some gates working working, which means some FGs are functional while
others cannot turn on/off the device individually. For these devices, the fabrication is

not successful. The failure reason is attributed to the bad contact between the metal

and poly-Si gates.

A typical output characteristics of the ’fully-working device’ is shown in Fig. 3.18.
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Ficure 3.18: A demonstration of a partially-working device. The top gate is able
to turn ON/OFF the transistor while both first gates are difficult to turn OFF the

transistor.

551 devices were not working at all, i.e., no transistor characteristics were confirmed.
The reasons are summarised below:

(1) For 232 devices, the failure reason is because of the aggressive design.
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I include some designs with aggressive parameters, which were very hard to achieve due
to the technique limit. For example, some devices are with 20 nm-wide Si nanowire,
which will be fully oxidised due to the small scale. Some devices are with 50nm gate

line-and-space, which is also very difficult to achieve with 100 nm-thick HSQ resist.

(2) For 235 devices, no current can be observed in the measurement, i.e., open circuit.

This is because of the poor contact between source/drain electrode and poly-Si gate. One

example is shown in Fig. 3.19, I can find damaged metal layers by optical microscope.

FIGURE 3.19: Failure mode: broken metal. The metal parts were broken due to the
ultrasonic wave used in the lift-off process.

The typical output characteristics for a open-circuit device is shown in Fig. 3.20.

(3) For 84 devices, short-circuit have been observed in the measured. This is because of
the poor interface quality of Titanium in the metallisation process. We think it is due
to the large grain size of Titanium, for some devices, the Aluminium is able to diffuse
and penetrate through all the Si nanowires because of the absence of the barrier metal.
Therefore, the device is short-circuit. Further tests need to be performed to confirm this

guess.
The typical output characteristics for a short-circuit device is shown in Fig. 3.21.

(4) For the other two devices, I found the gate oxide broken. This may be because of

static charge or poor-quality oxide.
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F1cURE 3.20: A demonstration of an open-circuit device. No current was detected in
the device.
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F1cURE 3.21: A demonstration of a short-circuit device. Large current was detected
in the device.

The total yield is estimated to be 94/736=12.5%, which is not good enough for the
standard of a reliable fabrication.

In total, in order to improve the yield and fabrication reliability, the following processes

should be done and improved:

(1) I need to accurately estimate the fabrication limit in our facilities based
on the outcome from this fabrication lot, and optimise the design parameters

to avoid associated failure.

Basically, the design needs to be optimised to avoid the huge amount of failure device

due to careless designs.

(2) I need to improve the metal patterning technique, to avoid the damage

due to ultra-sonic in lift-off process.
There are several strategies to improve:

First way is to use optical lithography istead of e-beam, with thicker optical resist
like S1813, which is roughly 1 pm. With thicker resist, it will be easier to lift-off all the
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Aluminium layer, and no ultra-sonic is required. In this way, the quality of metal contact
is protected. The drawback of this strategy is the larger design tolerance required due to

the thicker resist. Also, the alignment is not easy due to the limit of photo-lithography.

Second way is to use dry etch instead of Aluminium. I can use HBr/Cly gas-based ICP
dry etch to pattern the Aluminium layer. In this way, I do not need ultra-sonic so the
metal layer will be protected. Also, it is the standard process in the industry for CMOS
patterning. The drawback of this strategy is the HBr/Cly recipe also etches Si, therefore
any mistake in actual operation will result in unrecoverable failure. I need to process

very carefully and deposit thick-enough resist to protect the device.

(3) I need to improve the surface quality of barrier metal and check the

suitable annealing time carefully.

In this fabrication lot, many failure is due to the short-circuit between source and drain.
In order to improve that, I need to improve the quality of barrier metal, i.e., optimising
the deposition recipe or use sputter to deposit TiN. Also, I need to check the suitable
time for the forming gas annealing, so that the time is enough to passive all the charge

traps in the oxide, and no significant penetration will be observed.

By following all the three points listed above, the yield and quality of the single electron
pump fabrication will be significantly improved, which will be a future target and work

for this project.






Chapter 4

Measurement of Single Electron

Devices

The measurements in section 4.2 were carried under the supervision of Dr. Jonathan
Fletcher, Dr. Stephen Giblin and Dr. Masaya Kataoka in NPL.

The Si single electron pump is based on gate-defined quantum dots. In order to achieve
the target of mass-production for the single electron pumps, the device characteristics
and reliability impact factors of the Si quantum dot devices must be understood. I will
start from analysing the characteristics of naturally-formed quantum dots in Si MOSFET
structures, and the reliability impact factors of the Si quantum dot devices. The results
are shown in section 4.1. Then, I will directly investigate the device characteristics of
single electron pump fabricated in Chapter 3, try to demonstrate the quantised current,
and analyse how the reliability of the single electron pumps will be affected. The results

are summarised in section 4.2.

4.1 Measurement of Si quantum dots in advanced MOS-
FETs

The key component of Si single electron pumps I fabricated is based on the conventional
MOSFET structure. In order to have a better understanding about Si single electron
devices based on conventional MOSFET structures and their performance impact fac-
tors, I measured some short-channel, industrial-level MOSFETSs, which were fabricated
by Hitachi, at cryogenic temperature. By analysing the measurement results, I will have
a better understanding about the characteristics and performance impact factor of single

electron pump devices at low temperatures.

Three of the MOSFET devices have been successfully measured, and the information of

the devices are shown in Tab. 4.1:

59
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TABLE 4.1: Successfully measured devices

No. | Device Type | Channel width | Channel length | Gate Oxide Thickness
1 PMOS 10 pm 55 nm 2.4 nm
2 NMOS 10 pm 75 nm 2.4 nm
3 PMOS 10 pm 75 nm 2.4 nm

They are both wide-and-short-channel devices. The short-channel is for the observation
of single electron characteristics, and the scale is similar to the device I fabricated;
The wide-channel is for the larger chance to find the impact of charge traps or surface

roughness, in order to investigate the performance limit factors.

4.1.1 SET Characteristics and Investigation

The drain current (I3) on the gate bias (V;) of device 1 (p-type MOSFET, 10 pm wide
and 55 nm long) and and device 2 (n-type MOSFET, 10 pm wide and 75 nm long) were

measured at room temperatures and 5 K, and is shown in Fig. 4.1[118].
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FIGURE 4.1: I4-V characteristics of device 1 at cryogenic and room temperatures.[118]

The threshold voltage was -0.45 V at 300 K and -0.60 V at 5 K for the pMOSFET, and
0.47 V and 0.62 V for nMOSFET, respectively. The on-currents were higher at 5 K for
both devices because of the increase in both mobility[119] and saturation velocity[120].
The subthreshold slope was 82.4 mV/decade at 300 K and 14.9 mV /decade for the
pMOSFET, 80.3 mV/decade at 300 K and 5.7 mV/decade for the nMOSFET. The
resistance at sub-threshold regime is larger than 25.8k(2, which is a necessary condition

to observe single hole/electron effect.
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Current blockade due to single-electron/hole effects was observed in both devices at 5

K, as shown in Fig. 4.2.
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FIGURE 4.2: I3- Vy characteristics of device 1 at cryogenic and room temperatures.[118]

It is clear that the current was shifting between ON/OFF states in both devices. In
the pMOSFET, as shown in Fig. 4.2(a), when the gate is biased at -0.53 V, I was
clearly blocked between -2.5 mV and 2.5 mV. When the gate is biased at -0.515 V,
no blockade on the system was observed, and Iy was therefore clearly at ON state.
Similar characteristics can be observed in the nMOSFET, as shown in Fig. 4.2(b). This
dependence of the non-linear I4- V4 characteristics on the gate bias, which has most likely
originated from the Coulomb blockade phenomenon, implies the presence of quantum

dot in the channels of both devices.

The Coulomb diamonds were observed in both pMOSFET and nMOSFET respectively,
as shown in the figure in Fig. 4.3. This confirmed the presence of quantum dot in
the channel. The Coulomb diamonds in Fig. 4.3(a) are overlapped with each other,
which implies the possibilities for multi-dot charge transport. For simplicities, I will
treat it as a single quantum dot. I observed four hole states for the quantum dot in the
pMOSFET, which were named as Hg, Hy, Ho, Hs, as shown in Fig. 4.3(a). However,
only two electron states were observed in nMOSFET, which was named as Eg and Eq,
as shown in Fig. 4.3(b).

By studying the characteristics of the Coulomb diamonds, I can obtain information
about the quantum dots in the device channels. The carrier concentration was around
10'°~10'2 cm~2 in typical two-dimensional electron gas in Si MOSFET([121]. This range
of carrier concentration corresponds to the electron-electron distance of 10~100 nm.

This is much larger than the Bohr radius of electron in Si, 5.2 nm, and on the same
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F1GURE 4.3: Contour plot of drain current versus gate voltage and drain voltage in
(a) pMOSFET and (b) nMOSFET at 5 K. The border of the Coulomb diamonds were
extracted by fitting with the standard mesoscopic model.[118]

magnitude as thermal de Broglie length of electron in Si at 5 K, 133 nm. As a result,

the electrons trapped in quantum dot can be treated as non-interactive electrons.

At sub-threshold regime, in both devices, the current contributed by the single electron
transistor characteristics dominate the total channel current. Therefore, the carrier

concentration in the channel can be roughly estimated as[118]

1
Nchannel ~ m =18x 108CII172. (41)
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Due to the low carrier concentration, the impact of Poly-Si depletion layer is negligible.
However, the thickness of the inversion layer, which is coming from the quantum con-
finement near the SiON/channel interface, cannot be neglected due to the thin oxide
of both devices. The thickness of inversion layer is 2nm[121, 122, 123]. Based on this

value, I can roughly estimate the total capacitive effective thickness,

t.
tofr = tox + 50’8‘—“ — 3.1nm, (4.2)
Si

where ey is the dielectric constant of SiO9 and eg; is the dielectric constant of Si.

I can use the standard mesoscopic model[l1] to extract the coupling capacitances of
hole/electron states of quantum dots in pMOSFET and nMOSFET, respectively. The
circuit model is shown in Fig 4.4(a). From Fig. 4.3, I observed that the coupling capac-
itances for each hole state were different. The coupling capacitance increases as |Vg| in-
creased. Considering the formation of inversion layer in Si MOSFETS, this implies that
the inversion layer capacitance is associated with the total coupling capacitance[124].
When the depletion layer reaches its maximum width, the channel will start to be
inverted[125]. Therefore, the total gate capacitance (Cg) can be expressed as the series-

connected inversion layer capacitance and oxide capacitance, as shown in equation (4.3).

C, C,
H h
Vs @ e Vd
— -
- " (a)
Remote ' .: Poly-Si grain

surface

Source

Si substrate (b)

FIGURE 4.4: Circuit model and physical model of the quantum dot. (a) shows the
standard equivalent circuit model and (b) shows a schematic diagram of the assumed
remote poly-Si roughness for the quantum dot structure.[118]
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1 1 1

Co CoS | Cims’

(4.3)

where S was the area of the quantum dot, Cj,, is the inversion layer capacitance per
unit area, and Cyy is the oxide capacitance per unit area. I can extract Cy from the

periodicity of Coulomb oscillations related to each Coulomb diamond, AV,

(&

N (4.4)

Cy

All the coupling capacitances extracted are summarised in the Tab 4.2 and Tab 4.3 for
pMOSFET and nMOSFET respectively.

TABLE 4.2: Coupling Capacitances for device 1

Diamond H3 H2 H1 | HO
Gate Capacitance (aF) 13.4 | 126 | 6.2 | 4.2
Drain Capacitance (aF) 34.7 | 338 | 158 |64
Source Capacitance (aF) 62.0 | 52.8 | 22.8 | 10.7
Inversion Layer Capacitance (aF) | N/A | 211.1 | 11.5 | 6.1
Charging energy (meV) 1.5 1.6 3.7 |75

TABLE 4.3: Coupling Capacitances for device 2
Diamond El
Gate Capacitance (aF) 4.2
Drain Capacitance (aF) | 11.6
Source Capacitance (aF) | 23.5
Charging energy (meV) | 4.1

The size of the quamtum dot in pMOSFET can be estimated by extracting from the
coupling capacitance of the state Hs. At the state Hs, the gate bias is very close to the
threshold voltage shown in Fig. 4.1(a), and the carrier density is therefore the highest
among all the hole states. Therefore, Ci,, in Hs is much larger than the Cyy, and I can
neglect the contribution of Ci,y to Cy. Assuming the shape of quantum dot is a circle,

the diameter of quantum dot, d, can be extracted

AC, (H
d= | 2CeWHs) g, (4.5)
Wgox/teff

The charging energy of state Hg is 7.5 meV, which is much smaller the value previously
reported in single dopant transistors[126, 127, 128]. It is unlikely that the quantum dots
have originated from the single dopants in the channel. The diameter of the quantum dot
implies that the quantum dots are defined by the surface roughness of Poly-Si grains[129].
Poly-Si is a meterial with grain boundaries, and the remote surface roughness originated

from grain boundaries results in local variations of equivalent oxide thickness[62, 130].
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The variations of oxide thickness will form a dip in the surface potential. In this way, a
quantum dot is formed and single electrons/holes are confined in this dip regime. The
dimension of Poly-Si grain boundaries can be around 50 nm[131], which is comparable

to the estimated size of the quantum dot.

The increase of drain and source coupling capacitance with the changing of V; can be
explained by the changes of tunnelling barrier height and forming of the inversion layer.
The barrier height was reduced if I increased V; , therefore the capacitance coupling was
also enhanced. Also, the formation of inversion layer also contributes to the increase of

Cy. The inversion layer starts to expand from Source to Drain if I increase |V].
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In Fig 4.3, 1 could observe some current peaks at the edge of the Coulomb Diamond
Regime, which were marked as HT2 and HT1 in Fig. 4.3(a), and ET1 and ET2 in
Fig. 4.3(b). A detailed investigation of the characteristics of current peaks is shown
in Fig. 4.5. The current peaks was only observed in a narrow bias condition in both
devices. clear current peaks was observed at Vd of -4 mV if I biased Vg at -0.561 V in
the pMOSFET. However, it was not observed at -0.559 V and -0.574 V, which shows
the gate bias window to observe the current peak is less than 15 mV, and the drain bias
window of ~ 0.5 mV. Similar current peaks were observed in the nMOSFET, with a gate
bias window of 12 mV and drain bias window of ~ 0.5 mV. The current peaks reveal
the presence of charge traps. The sharp bias conditions to observe the current peaks
implie that the resonant tunnelling may be responsible for the current peaks. This will

obviously affect the performance and reliability of Si single electron devices.

In total, in this measurement, I observed single electron characteristics in advanced
conventional CMOSFETSs, which confirms that the conventional MOSFET structures
can behave as single electron devices at low temperatures. I used standard mesoscopic
capacitor model to investigate on the single electron characteristics, and confirmed that
the coupling capacitances for different hole/electron states can be significantly affected
by the changing of gate bias through the formation of inversion layer. I observed current
peaks at the edge of Coulomb diamond, which shows the impact of charge traps on the
performance and characteristics of Si single electron devices. A manuscript based on
this measurement result has been published in IOP Semiconductor Science and Tech-
nology[118], and has been selected as the Highlights of 2017 of the journal.

In order to investigate on the origin of the current peaks to have a clear image of how
the charge traps will impact the single electron devices, I measured the time domain
characteristics at the peak bias conditions, at a different device. The measurement

results are summarised in the following part.

4.1.2 RTN Characteristics and Investigation

In order to study investigate the current peaks in detail, I measured the device 3, which
will be called pMOSFET in this section. The stability diagram of the devices is shown
in Fig. 4.6[132].

I observed the single hole transistor characteristics and open Coulomb diamonds in
the stability diagram as shown in Fig. 4.6(a). This implies several quantum dots in
series or in parallel were responsible for the drain current, Ij. The single hole transistor
characteristics are likely to have originated from the Poly-Si grains, which was discussed

in the previous part.

In order to investigate on the current peaks in detail, due to the narrow bias conditions

in the previous measurement, I run the measurement in a very precision sweep (500
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FIGURE 4.6: Bias condition to observe current peaks. (a) shows the stability diagram

of the pMOSFET at 2 K. The regime where current peaks can be observed (negative

differential conductance) was shown. (b) shows the extended view of HT region and
the bias conditions where RTNs were measured.[132]

uV). The value of current at each bias was obtained after averaging over 10% sampling
taken with the duration of 2 us for each point. By measuring the Iy in such a slow pace,
I would be able to find the time domain characterisitcs of I3j. The background noise
was less than 4 pA, in a bandwidth of 5 Hz. Current peaks are observed at the edge of
Coulomb diamond, as shown in Fig. 4.6(a). Particularly, at some bias conditions, the
current peaks were much denser than the other regime. One of them was marked as HT.
I measured the drain current at some bias conditions marked as red dot in (b) to find

the bias dependence. The result is shown in Fig. 4.7:

Random telegraph noise(RTN) was observed in the time domain characteristics of Ij.
One example of the time domain characteristics, which was measured at V; of -640 mV
and Vg of -13.5 mV, is shown in Fig. 4.7(a). Two types of RTN could be identified from
the time domain characteristics, and they were named as RTN1 and RTN2, respectively.
RTN1 shows larger amplitude and longer average switching time, while RTN2 behaves
in the opposite way. This trend implies that the trap corresponding to RTN1 is a deep
oxide trap, while RTN2 might come from the shallow trap/traps in the SiON/substrate

interface.

The amplitude of RTN1 can be roughly by estimated by extracting from the number
of carriers inside the channel[133, 134, 135], No=kp T'Cgate/€*=kp Teoxeo WL/ teqe?=11.6,
where kp is the Boltzmann constant, e is the value of elementary charge, €. is the dielec-
tric constant of SiOq, ¢ is the permittivity in vacuum, W is the width of the channel, L
is the length of the channel and t.q is the capacitive equivalent thickness of SiION layer.
Then the relative amplitude of RTN1 can be estimated as AI/I=1/Ny=8.6%, which was
roughly in agreement with the experimental data. At higher temperatures, RTN1 could
not be observed, which was shown in Fig. 4.8. This is due to the increasing of the
increasing in number of carriers at higher temperatures[136, 137], which implie that the

random telegraph noise is assosiated with single-hole effects.
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FIGURE 4.7: Time domain characteristics of I3. (a) shows the time domain charac-

teristics of Iy measured at V, of -640 mV and Vg of -13.5 mV. RTN1 and RTN2 are

marked. (b) shows the probability distribution of current versus its value. The state

"High’ and 'Low’ regarding RTN1 is marked. (c) shows the dependence of RTN on

Vg if Vy is biased at -13.5 mV, and (d) shows the probability distribution of current

accordingly. (e) shows the dependence of RTN on Vy if Vj is biased at -640 mV, and
(f) shows the probability distribution of current accordingly.[132]

I investigated the statistics of Iy by analysing the frequency with which I observed Iy
at certain ranges, with the minimum step of 4 pA. The result of the example at V, of
-640 mV and Vy of -13.5 mV, is shown in Fig. 4.7(b). This is the quantum mechanical
probability finding the system under a certain current state, P(I3), which reveals the

information about the wave function of the single hole in the charge traps, 1 (Iy), as
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P(Iy) = [Y(Ia) . (4.6)

The bias dependences of I at different bias conditions is shown in Fig. 4.7(c) and 4.7(e),
respectively. The corresponding statistics of Ij is shown in Fig. 4(d) and (f). From Fig.
4.7.(c), RTN1 was only observed when Vj is between -635 mV and -650 mV. I observed
that Iy was more likely to be in the high current state if I increased | V,|. This showed the
shifting of charge trap occupancy. The Vg dependence on time domain characteristics is
shown in Fig. 4.7.(e). The high current state was only observed between Vg of -13 mV
and -13.5 mV. This implies the presence of resonant tunnelling, which was in agreement

with the previous measurement result on other two devices.

I also checked the time domain characteristics of Iy at other regime with similar density

of current peaks. RTN was also observed, as shown in Fig. 4.9.

Next I will investigate on the probabilities to observe the high current state and the low
current state, regarding RTN1, in Fig. 4.7, using Markov model[132]. The probabilities
are extracted by fitting the experimental data with Gaussian distribution functions. The
amplitude of RTN is determined by the difference of the peak values. If the probability
distribution function corresponding to the high current state in Fig. 4.7 is py(l3), and
the probability distribution function corresponding to the low current state in Fig. 4.7

is p1(1q), Pn and Py are derived from

75 pn(1a)dly
[ pn(la)dla + [T pi(1a)dIa’

P, =
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and ~
oo P1{a)dlg
A oo 2l00) (48)

2 pna)dla + 7 pi(1a)dlg]

which correspond to the shaded areas (magenta and blue, respectively) in Fig. 4.7(b).
The P}, and P; dependence on gate and drain biases are shown in Fig. 4.10(a) and Fig.
4.10(b), respectively.

I3 was more likely to be in the high current state if | V| was large, and the preferred
I state changes sharply near Vy of -640 mV. This sharp transistion of preferred Iy
states on V, reveals the charge trap corresponding to RTN1 is located in the SiON
layer of the pMOSFET. The high current state was only observed at V4 of -13 mV
and -13.5 mV accroding to Fig. 4.10(b), implying the presence of resonant tunnelling.
The bias dependence of amplitude were shown in Fig. 3(c) and Fig. 3(d), respectively.
Almost no dependence of amplitude can be found on both V, and V. Since the I3- V,
characteristics is non-linear in the subthreshold regime, if the RTN1 is coming from
the shift of threshold voltage, the amplitude of RTN1 will have dependence on V,
and V4. However, it is in agreement with the experimental data, as shown in Fig.
4.10(c). Therefore, it is unlikely that RTN1 has originated from the shift of threshold
voltage, which is the reason for RTN in MOSFETSs at room temperatures. I could use
a similar method to investigate the characteristics of RTN2, as shown in Fig. 4.11. The
dependence of RTN2 on biases was complex, which implies RTN2 came from a shallow

trap near SiION /substrate interface.

Due to the intrisic quantum behaviour, the wavefunction of single hole resulted in an
extra noise in I3. In order to understand the wavefunction of the single hole as shown
in Fig. 4.8(d) and Fig. 4.8(f), I need to study the bias dependence of this extra noise.
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The extra noise, which is revealed from the differential current, Aly, is defined as
Aly = Iq(t +1) — La(t), (4.9)

where t is time with the unit of second. The bias dependences of its probability distri-
bution are shown in Fig. 4.12(a) and (b), respectively. The standard deviation of Al
was extracted by fitting the distribution of Ay with the Gaussian distribution function.

The probability distribution function of Alj had very weak dependence on Vj, as shown
in Fig. 4.12(a), while it showed more significant dependence on Vy, as shown in Fig.
4.12(b). Since the change of I value is similar between Fig. 4.12(a) and Fig. 4.12(b),
the more significant dependence of the probability distribution function on Vg implies
that the coupling between the quantum dot and energy level created by charge trap
was mainly modulated by V4. I observe that the standard deviation of probability
distribution showed a peak value at V4 of -13.5 mV. This reveals that the wavefunction
of the single hole in the channel became the ’broadest’ at this bias condition. This shows
the strongest correlation between two energy levels in the channel, in agreement with

the assumption of resonant tunnelling. The resonant level is likely to have originated
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FIGURE 4.11: Investigation on RTN2. (a) shows the time domain characteristics of

Iy at certain time range if V, was biased at -635 mV and V4 was biased at -13.5 mV

and (b) shows the corresponding wavefunction. The three current states, h2, m2 and

12, corresponding to RTN2, are marked in (b). (c) and (d) shows the dependence of

probability on V, and Vjy, respectively. (e) and (f) shows the dependence of RTN2
amplitude on V, and Vg, respectively.[132]

from the charge traps. The Johnson noise[27, 138] of this system was calculated to be

~20 fA /v H z, which was negligible compared with the noise coming from wavefunction.
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FIGURE 4.12: The dependence of experimental parameters on wavefunction broaden-
ing. (a) and (b) shows the dependence of wave function broadening on V, and Vg,
respectively. The V, and V4 dependence on standard deviation of the corresponding
Gaussian wave function, o, is shown in subfigures inside (a) and (b), respectively.[132]

lag plots[139] of Iy are drawn to investigate its correlation behaviour. This will help
to understand the fractal nature[140] of the two charge traps. the time lag, At, were
selected to be 1s, 10s and 100s, as shown in Fig. 4.13(a), (b) and (c) respectively.

The diagonal fractal shape was observed when At is 1s, which reveals the strong positive
autocorrelation behaviour of Iy in this time scale, as shown in Fig. 4.13(a). When At
was increased to 10s, the shape of lag plot remained diagonal in the major regime.
However, within each small area, the fractal shape becomes rectangular, which means
the lost of correlation behaviour regarding RTN2, as shown in Fig. 4.13(b). The fractal
shape of lag plot became rectangular in Fig. 4.13(c), which reveals the extinction of
correlation behaviour for both RTN1 and RTN2 when At was further increased to 100 s.
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FIGURE 4.13: Fractal nature of the charge traps. The lag plot of Iy with different
time lag shows fracture nature of charge traps. (a), (b) and (c) shows the correlation
behaviour of I if time lag was 1s, 10s and 100s, respectively.[132]

By investigating the lag plot, I could have a rough understanding of the fractal nature
of the charge traps.

The Fourier transformation and correlation function of Iy were shown in Fig. 4.14(a)
and (b), respectively. The symmetry of correlation function reveals that the process is
a energy-conservative process. The 1/f dependence of power density was shown in Fig.
4.14(b). As shown in Fig. 4.14(b), the power density is almost flat if the frequency is
below 0.05 Hz. After that, the power density show 1/f dependence. This reveals the
crossover between RTN and 1/f noise in the Si quantum dot device, which was previously

reported to be observed in magnetic nanodot system[141].
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FIGURE 4.14: The correlation function of the I;. The time domain characteristics were
shown in (a) while (b) gives information about the power density obtained from Fourier
transformation.[132]

Based on the information extracted, I could establish a physical model to describe the
RTN1, as shown in Fig. 4.15. A schematic 3-D diagram of the device and its physical
model is shown in Fig. 4.15(a). As stated in the previous part, it is possible that the Iy
is contributed by multiple series or parallel dots. In the following part I will assume that

there are two dots in series resposible for the Iy. The Iy has originated from sequential
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tunnelling through two quantum dots in series, QD1 and QD2, which are coming from

the remote surface roughness caused by Poly-Si grains.

For the series quantum dots system, the stability diagram was simulated using the
master equations. I used mesoscopic capacitor model, with different effective coupling

capacitances in different hole states, as an approximation to describe the system.

The way to calculate the current of single electron transistors[142, 143] based on meso-
scopic model has already been introduced in the background research part. In this
device, the effective coupling capacitances are different for different states. Therefore, if
I assume the gate capacitance, drain capacitance, and source capacitance when n holes
occupy a quantum dot in the channel to be Cy(n), Cq(n) and Cs(n), the change in free
energy when a hole tunnels out through the electrode drain, AF; (n), or tunnels out

through the electrode source, AF;"(n), can be expressed as

(n —1/2)e* — e[(Cs(n) + Cy(n))Va — Cy(n) Ve
Cx(n) ’
(4.10)

AF; (n) =Fa(n —1) — Fg(n) = —

and

(n —1/2)e* + e[Ca(n)Va + Cg(n)Vg] .

AFf(n) = Fy(n—1) - Fy(n) = Cx(n)

(4.11)

I could easily obtain the expression of AF; (n) = Fy(n + 1) — Fy(n), and AF; (n) =
Fs(n+1) — Fs(n) from equation (6) and (7). Therefore, using Fermi’s golden rule, the

tunnelling rate through the drain and source can be expressed as

1 AFZE(n)
T'E(n) = le dAFi(n) ], (4.12)
d 1 —exp( kdBT )
and
1 AFF(n
Din) = gl ) (4.13)
& 1-— eXp(k]S?,iT)
The master equation can be expressed as
ap(n’ t) _ + — — +
=pn+ D[ (n+1)+Tg(n+1)]—pn)[l(n) +Tg(n)]. (4.14)

ot
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The drain current is therefore expressed as

I=eXp=*p(n)[I{ (n) — T (). (4.15)

S
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FIGURE 4.15: The physical model for the RTN. (a) shows the schematic physical model
of the device. Series quantum dots are assumed to be responsible for the drain current,
and the resonant level was formed by the trap 1, presumably a Boron ion. (b) shows
the simulated stability diagram based on the series quantum dots model. (c) shows the
schematic potential diagram across the oxide layer associated with the charge trapping
and de-trapping process. (d) shows the schematic diagram of the potential across the
channel. The deep and sharp potential well is formed by the electron dipole in the
SiON layer.
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The simulation result is shown in Fig. 4.15(b), which is roughly in agreement with the
experimental data obtained in Fig. 4.7(a). The impact of inversion layer when V; is
near the threshold voltage is considered. The extracted coupling capacitances for the

two quantum dots are summarised below in Tab. 4.4 and Tab. 4.5.

TABLE 4.4: Extracted coupling capacitances of single-hole states in QD1.

State Cy(aF) | Cq(aF) | Cs(aF)
HO(QD1) | 0.90 | 0.85 | 0.06
HL(QD1) | 1.92 | 1.40 | 3.64
H2(QD1) | 2.63 | 1.93 | 4.99
H3(QD1) | 3.28 | 2.39 | 6.22
HA(QD1) | 3.86 | 6.00 | 14.0

TABLE 4.5: Extracted coupling capacitances of single-hole states in QD2.
State Cy(aF) | Cy(aF) | Cs(aF)
HO(QD2) | 0.73 0.71 1.94
H1(QD2) | 1.77 2.43 4.73
H2(QD2) | 2.46 2.43 5.81

Using similar way as our previous investigations on the measurement result, physical
diameter of the quantum dot is estimated about 20.7 nm for QD1 and 16.5 nm for QD2.

The trap corresponding to RTN1 can be located in SION layer or in the device channel.
It can either be an ionised charge trap in the SiON layer, or a middle-gap charge trap
in the device channel. In the following part, I will first build the physical model based
on the SiON layer assumption. By investigating on the V, dependence, the charge
trapping/de-trapping process has likely originated from the tunnelling of holes between
the poly-Si gate and the charge trap inside the SiON, as shown in Fig. 4.15(c). If | Vg
is decreased, the trap was easier to be occupied due to lower effective tunnelling barrier
height. This corresponds to the trend observed in Fig. 4.10(a).

The different current states have originated the opening/closing of the charge-trap-
induced resonant level[144, 145, 146] in the channel. The strong V4 dependence implies
the resonant level is located in the tunnelling barrier between QD2 and the drain reser-
voir. As a result, the resonant level is strongly coupled with QD2. Due to the relatively
much larger distance between the resonant level and QD1, the coupling between the

resonant level and QD1 can be neglected.

A schematic diagram of the potential profile across the channel is shown in Fig. 4.15(d).
If no single hole occupies the charge trap, it was ionic, and therefore generates mirror
charge in the Poly-Si gate. As a result, the trap and the corresponding mirror charge
generates an electric dipole, and therefore forms a potential well in the channel. Under
certain bias conditions, the intrinsic energy level inside this potential well is aligned
with the energy level in the QD2. Under that circumstance, resonant tunnelling makes

tunnelling barrier between QD2 and drain reservoir more transparent. The resistance of
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the tunnelling junction is therefore reduced, and the high current state can be observed..
If the charge trap is occupied by a single hole, the charge trap will become neutral.
Therefore no resonant level will be formed in the channel, and the tunnelling barrier
becomes less transparent. Only the low current state can be observed. This resonant-
tunnelling-based model can explain the reason for the narrow V, and V4 bias condition
to observe RTN. Besides, the transmission coefficient and wavefunction of single hole
in the channel were mainly modulated by the Vy, which explains the fact the strong

dependence of wavefunction on Vy, as shown in Fig. 4.12.

The depth of the resonant level implies the vertical position of charge trap in SION layer.
A rough estimation can be made by assuming the depth of the potential well, AV, to
be 13.5 mV. The distance between trap and Poly-Si/SiON interface, d, can be derived
from[132]

2e2d

AV = —— 4.16
‘ 477'50)(50teff2 ( )

I can roughly estimate d to be ~0.2 nm from equation (4.16). This is the same magnitude
with the SiON lattice constant. This estimation is in agreement with the assumption
that the charge trap is located on the top side of SION. As a result, I think a charge
trap located near the Poly-Si/SiON interface, which was presumbaly a boron ion coming

from the ion implantation process, is responsible for the resonant level in the channel.

The resonant tunnelling can also have originated from resonant tunnelling through a
mid-gap trap level in the device channel. Since the SiON layer is very thin, it is possible
that the holes in the Poly-Si gate can directly tunnel to the channel. If the ionised trap
is not occupied, the resonant level stays in the channel, and therefore I observe the High-
Current State. If the ionised trap is occupied by a hole and then becomes neutralised,
no resonant level exists in the channel, and therefore I observe the Low-Current State.

This is also a possible physical model to explain the RTN1.

In conclusion, I successfully demonstrate that I could identify the nature of the trap
by measuring the RTN and investigating its bias dependence at low temperatures. 1
found that the charge trap can affect the reliability of single electron devices by reso-
nant tunnelling between the energy level formed by charge trap and the quantum dot. I
observed the cross-over between RTN and 1/f noise. Also, in this way, I can systemati-
cally invesigate the characteristics of charge traps, which will pave the way for scientists
to understand the impact of charge traps and nature of RTN. A manuscript based on

this measurement result has been published in Nature Scientific Reports[132].

Based on the two experiments, I now have a clear understanding about the output
characteristics for a Si quantum dot device naturally formed in a Si device, originated
from Poly-Si grains. I have found that the charge trap is able to impact the reliability

of Si quantum dot devices by creating a resonant level in the channel, resulting in extra
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tunnelling current from resonant tunnelling. This will help me understand about a gate-
defined quantum dot device and its reliability impact factor. In order to check the actual
device operation of a gate-defined Si quantum dot device, i.e., in my case single electron
pump, and study the impact of charge traps, I carried the experiments in section 4.2 to

investigate the single electron pump characteristics.

4.2 Measurement of single electron pump devices

From the measurement of the single electron pump devices, I have a further under-
standing of the output characteristics for the Si quantum dots, and investigate on the
reliability and performance impact factor for them. After gaining enough knowledge, 1
measured a Si single electron pump device fabricated in Southampton Nanofabrication

Centre.
A schematic diagram of the device measured is shown in Fig. 4.16.

C

FG2
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Gate Oxide

Nanowire Core

Substrate

BN TG Poly-Si
BN FG Poly-Si
- S

FIGURE 4.16: Images and Schematic Diagrams of the device I measured. (a) shows

the SEM image of the plane view before the top gate was patterning. (b) shows the

schematic cross-secton image of the device. (c) shows the schematic diagram of the
device 3-D structure before the top gate was patterning.

The device I measured is the subchip XX04YYO01 in the chip X12Y01, which is secondary
design (a), with 75 nm designed width of Si nanowire, 75nm gate length and 100 nm
gate spacing. After thermal oxidation, the width of the Si nanowire is estimated to be

50 nm.

In order to have a better understanding of the single electron pump device physics, 1
would like to investigate on the QD energy level spectrum. A method to investigate on

the QD spectrum is by double-quantum-dot measurement. If two quantum dots were
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put in series, the quantum dot close to the high level lead is served as a pass-filter to
detect the spectrum of the other quantum dot through resonant tunnelling[147]. By
converting gate voltage to energy using the level-arm factor[148], I would obtain the
energy spectrum of the quantum dot. In that case, I would be able to detect with the

precision even better than the thermal kinetic energy.

I swept over FG1 and FG2 to investigate on the spectrum of the quantum dots, formed
by FG1 and FG2. The TG was biased to give the device a slight barrier. The spectrum

measurement results are shown in Fig. 4.17(a).
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FIGURE 4.17: Investigation on the spectrum of Si quantum dots. (a) shows the energy

spectrum measurement result of the quantum dots. (b) shows the transition between

localised quantum dots and strongly coupled quantum dots. (¢) shows the spectrum

of the quantum dot measurement. (d) shows the vanish of resonant tunnelling at large
FG1 bias. (e) shows the current peaks from resonant tunnelling.

Vega(V)

From Fig. 4.17(b), I observed the shifting of the system states: localised quantum dots
and strongly-coupled quantum dots. From Fig. 4.17(d), this was a very sensitive effect

and vanished at very high Vgg1, which implied small transfer energy between two dots.

From Fig. 4.17(c), I observed three current peaks, which were shown in detail in Fig.
4.17(e). The peaks implie the peaks were associated with resonant tunnelling between

quantum states in two quantum dots, not only charging effects.

The stability diagram regarding Vrge and Vys. Fig. 4.18(a) shows the experimental data.
I can extract the charging energies to be 3.2 meV and the single particle spacing for the
first electron to be 4 meV. This gives an addition energy of 7.2 meV. The simulation
results based on these extracted parameters are shown in Fig. 4.18(b), and matches well
with the experimental data. The size of the quantum dot was estimated as 49nm, which

is in agreement with our design parameters.

After investigating on the characteristics of the quantum dot, I switched to AC measure-
ment. First, I would like to check the transmission of RF signal. In order to check the
transmission, I biased the FG2 with an RF signal, and changed the RF power to check
the shift of threshold voltage. When I applied the RF signal, the device was switched
'ON’ when the DC bias was at Vi-Vamp. By carefully checking the shift of threshold
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FIGURE 4.18: Stability diagram regarding Vgge and Vis. (a) shows the experimental
results and (b) shows the simulation result based on the extracted parameters. Simu-
lation results show good agreement with the experimental data.

voltage, I could estimate the transmission of the RF signal[149]. The measurement result

is shown in Fig. 4.18.
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F1GURE 4.19: Shift of threshold voltage versus the RF power.

From Fig. 4.18, I observed that the RF signals have been successfully transmitted to
the gate terminal. Under that circumstance, the RF signal was able to modulate the

surface potential.

In order to find the bias conditions to observe single electron pumps, I checked the depen-
dence of output characteristics on the exit barrier height. The current and differential

conductance contour plot are shown in Fig. 4.19 and Fig. 4.20, respectively.

The Vpg1 was biased at -0.2 V, -0.25 V, -0.3 V, -0.35 V for Fig. 4.19(a), (b) and
4.20(a), (b), respectively. The RF power was 0dBm and the frequency was 125 MHz.
By comparing the graphs, I saw the bias conditions where I could see RF-modulated
current became narrower if I increased the barrier height. This is because the electrons
ejected from the quantum dot had certain energy distributions. If the exit barrier

became high, then the tunnelling probability for the single electron in the ejection step
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F1GURE 4.20: Current and differential conductance stability diagram of the single
electron pump with RF signal on FG2. In (a) FG1 was biased at -0.2V, (b) FG1 was
biased at -0.25V.

was reduced from 1, and quantised current was not observed. If the exit barrier was
too low, then the electron would eject from the drain before the back-tunnelling process
has completed. As a result, I must carefully choose the exit gate bias, as it significantly

influence the device performance.

I also checked the dependence on the RF power, and the measurement result is shown
in Fig. 4.21.

The RF power was 0 dBm and -1 dBm for Fig. 4.21(a) and (b), respectively. If the
RF power was reduced, the bias conditions to observe RF-modulated current became
narrower as well. This was in agreement with the fact that the reducing energy levels of

trapped electron in the quantum dot. I also needed to carefully choose the RF power,
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FicURE 4.21: Current and differential conductance stability diagram of the single
electron pump with RF signal on FG2. In (a) FG1 was biased at -0.3V, (b) FG1 was
biased at -0.35V.

to make sure one and only one electron would be ejected from the quantum dot in the

ejection process.

By observing the stability diagram very carefully, I could identify several ’plateaus’ in
the stability diagram if the RF power was -1 dBm. In order to confirm the single electron
pump characteristics, I checked the I4-Vpg characteristics when Vegs is 0.04 V, which

just passed several of the plateaus. The result is shown in Fig. 4.22.

In Fig. 4.22, T observed a current plateau at lef, near the Vg of 0.2 V, at 125 MHz RF
frequency and -1 dBm RF power. The FG1 was biased at -0.25 V and FG2 was biased
at 0.04 V. The width of the plateau was roughly 18 mV. By calculating the average I4
on this plateau, I could estimate the error rate to be ~ 0.828%, at the temperature of
4.2 K, with no magnetic field.
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F1GURE 4.22: Current and differential conductance stability diagram of the single
electron pump with RF signal on FG2. In (a) RF power was 0 dBm, (b) RF power was
-1 dBm.

In order to have a better understanding of the device performance, I apply the decay
cascade model[55, 56] to fit the data and extract parameters. In decay cascade model,

the I4-Vrq characteristics can be expressed in equation (4.17).

1=n-+1
Tpump = efz n[exp(—exp( aV—i—ZS — exp(—exp(—aV + Z i) (4.17)
=1 i=1

The fitting result is shown in Fig. 4.23.

The decay cascade model gave a good fitting on the plateau regime and beyond, but

showed some deviation between the 0O-electron ejection and 1st plateau regime. The
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FIGURE 4.24: The fitting of decay cascade model with the experimental data.

deviation may come from the excitation states. I extracted the a to be 107 /mV and 0;

to be 8.1, respectively.

After that, I would like to perform a repeatability test to check the reliability of the
performance of the single electron pump device. However, I found poor repeatability of

the current plateau, as shown in Fig. 4.24.

I measured the device characteristics at the same bias condition as Fig. 4.22, and
found poor repeatability of the plateau. This shows significant reliability issue, which
implies the presence of the charge trap. In order to understand the origin of the poor
repeatability, I somehow recovered the plateau by sweeping up and down the gate bias

many times to stabilise the device, and performed a measurement on the time domain
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characteristics of I; at a bias condition where I could observe the plateau at lef. The

time domain characteristics of I is shown in Fig. 4.25.
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FIGURE 4.26: Time domain characteristics of drain current.

From Fig. 4.24, T observed the current was relatively stable in the first 50s. At ~ 90 s, I
observed RTN, and then the current started to shift slowly with continuous measurement
on the time domain characteristics. This could be due to negative bias temperature
instabilities(NBTI)[150, 151]. The NBTI and RTN implied that the instability of the

device performance has very likely originated from charge traps.

Previously, in the work of NTT group, they demonstrated that the charge trap can
be used as the quantum dot to pump electrons with high accuracy[79, 80, 81]. This

time, I demonstrated that the charge trap can also be a negative factor for the single
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electron pump. Since the amplitude of RTN is small (~ 6pA) and the drain bias is
set to be 0, it was more likely coming from the impact of the threshold voltage shift
by carrier trapping/de-trapping process. A trapped electron can shift the potential by
e/Crg, which was roughly 100 mV. This was much longer than our plateau width,
therefore significantly affect the device characteristics. The long switching time implied
the charge trap is located in the gate oxide, possibly coming from the RF stress during

the experiments.

In order to check the RF dependence, I also measured the device at several other fre-
quency points to observe the current. The average value of Iy at the plateau versus
frequency was shown in Fig. 4.27. The device fails to show any plateau at frequencies
larger than 125 MHz, which reveals weakness in RF response characteristics. There are
several possible reasons responsible for this poor RF performance. First, the addition
energy for the first electron in the quantum dot is not large enough to eliminate the im-
pact from quantum excitations, as stated in the background research chapter. Second,
the impact of parasitic capacitance is not carefully investigated in this design. The extra
parasitic capacitance will result in extra RC constant in the system, which reduces the
maximum response frequency achievable in the system. For the future work, investiga-
tions on the RF response is mandatory, and the device performance may be improved

by careful designs to reduce the parasitic capacitance.
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FicURE 4.27: The RF response of the drain current. The drain current shows a
rough linear dependence on frequency below 125 MHz. No plateau has been found at
frequencies above 125MHz.

In conclusion, I understand that the charge trap is also a very important performance
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impactor in the single electron pump. It will significantly degrade the device perfor-
mance, resulting in significant reliability issue. The charge trap can be induced by the
RF stress in the experiments[152]. This means I must improve the quality of oxide layer
in the fabrication process, in order to improve the reliability and reach mass production
level to achieve parallel operation for the single electron pumps. Also, I can also improve

the RF reponse by optimising the designs to reduce the parasitic capacitance.






Chapter 5

Conclusions

In summary, we have successfully fabricated the Si single electron pump devices based
on atomically flat [111] nanowire, using the facilities in Southampton Nanofabrication
Centre. However, the yield is not high, only 94 out of 736, which is 12.8%. The major
issue is due to the damage from the ultrasonic in the lift-off process and the metal
diffusion in the final annealing process. We measured the characteristics of Si quantum
dots based on advanced MOSFETs, and investigated on the reliability of the device. We
measured one of the single electron pumps, confirmed the current plateau with the error
rate of 0.828%, at 4.2 K, with no magnetic field. We found the unstable performance,
which is due to random telegraph noise originated from carrier trapping/de-trapping

process.
The achievements in my PhD project can be concluded into the following points:

First, we demonstrated that the advanced short-channel Si MOSFETSs have the potential
to show Si quantum dots at low temperatures.The Poly-Si grain boundaries can result
in the thickness variation of dielectric layer, which will result in significant potential
variations in the device channel, forming quantum dots. This effect can be observed at

low temperatures and in the devices with thin dielectric.

Secondly, we showed that the charge trap can also affect the reliabilities of Si quantum
dots through resonant tunnelling. The charge trap in the gate oxide can generate a nar-
row potential dip in the channel. The eigenstate of the electrons trapped in the channel
can be in resonance with the eigenstate in the quantum dot, and significantly affect the
device performance. We demonstrated that by measuring the device characteristics at
low temperatures with precise bias sweep, we could identify the resonant peaks in the
device and investigate the nature of charge trap systematically. This will provide a way

for scientists and engineers to address the reliability issue.

At last, we showed that the oxide quality is a very important issue in Si single electron

pump fabrication process. Single electron pumps require RF signal to drive, which will
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result in stress in the oxide layer, and may generate charge traps. We demonstrate that
the charge traps can also affect the reliability of the single electron traps by generating
random telegraph noise and negative bias temperature instabilities in the channel. As
a result, we must improve the oxide quality to achieve target of mass production and

high operation frequency.

There are still many issues need to be addressed and processes needed to be improved.

I summarise the most important of them below:

First, our fabrication process can be improved to increase the yield, performance and
reliability. For example, we can include thinner nanowire and gate oxide design to reduce
the step height, in order to achieve better scaling in the gate line and spacing. Also, the
metal patterning processes can be improved to avoid issues originated from the ultra-
sonic wave, for example, optical resist based lift-off or metal dry etching. We could
also use TiN as the barrier metal to stop the metal diffusion, which results in significant
failure of the device. Besides, we could also adjust the annealing conditions for the oxide
to reduce the number of traps and improve the quality of gate oxide, which will allow

high-frequency RF operations.

Secondly, by improving the fabrication process, we could test the variation of the device
parameters. For the parallel operation point of view, it is mandatory that the variation
of the device parameters is not significant. In this device, we got the plateau width to
be 18mV, which means the variations of the threshold voltage should be within 9mV.

This is a challenge, especially for the scaled devices in University Fabrication grade.

Thirdly, we could check the dependence of the plateau width and other output charac-
teristics for the single electron pumps on the other parameters in detail, for example,
barrier height(controlled by gate bias), nanowire width, gate length and spacings, etc.,
in order to obtain a clearer image on the device physics for the single electron pump.
As discussed, the decay cascade model still shows deviation with the experimental data

in some bias conditions, and we could improve it by investigating further.

In total, unique contributions were made in this PhD project, especially regarding the
charge traps and reliability issues linked to Si quantum dots and Si single electron pump.
There are still many things to investigate on, and many challenges to overcome, for the
single electron pumps, and for the completion of the quantum metrology triangle to

establish a new definition for Ampere.



Appendix A

Gate dry etching recipe

development

In order to pattern the Si single electron pumps, a well established gate dry etching

recipe with vertical profile is mandatory.

First, we need to estimate the selectivity required for this single electron pump lot. The
thickness of Poly-Si is about 100 nm, and we will apply 100% overetch, to make sure that
all the Poly-Si side walls are removed in the process. However, we should not damage
the oxide layer too much, in order to avoid issues from charge traps created from the
damage of plasma. We need to etch Poly-Si gate layer for twice: FG layer and TG layer,

respectively.

If we consider FG layer, we should not damage more than half of the FG layer in order
to avoid any further damage to the oxide layer near the oxide/nanowire interface. As a
result, the selectivity should be larger than 100 nm/10 nm=10. If we consider the TG
layer, we should not damage the protective layer above the FG. Since the thermal oxide
thickness above Poly-FG is roughly 5nm, the selectivity should be larger than 100 nm/5
nm=20. In that case, we need to improve the recipe to reach at least 20:1 selectivity,

for the successful fabrication of the gate layer.

HBr/O; plasma gas is considered as a good candidate for Poly-Si etching[153, 154, 155].
There are three key parameters for the recipe: gas flow rate, ICP power and RF power.
For the gas flow rate, I fix the gas flow rate to be 45 sccm for HBr and 5 sccm for Os.
I tested the ICP power, and found instabilities of the chamber condition (significant
re-deposition observed) when the ICP power is larger than 400 W for this recipe. As
a result, we fix the ICP power to be 400 W, and investigate on the dependence of
etching rate of Poly-Si and SiOg, and the selectivity between them on RF power. The

measurement results are shown in Fig. A.l.
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F1cURE A.1: Dependence of the dry etching rate and selectivity on the RF power for
HBr/O3 recipe.

From Fig. A.1, we found that the etching rate of Poly-Si and SiO2 both decreases if we
reduce the RF power. However, the selectivity significantly improves, and reach about
40:1 when the RF power is 70 W. This is because the reduction of RF power reduces
the power of plasma ions. As a result, the impact from chemical reaction between ions
will become stronger, while the physical 'bombing’ is suppressed, which is in agreement

with the experimental data.

Based on the measurement result, we decide to choose RF power to be 70 W for our
Poly-Si etching. However, due to the very high selectivity, even native oxide will block
the etching. The roughness of the native SiO2 will give huge variations across the Poly-
Si surface. As a result, we need to perform a low-selectivity process (6:1) with HBr
only and RF power=110 W to pre-etch first, and then starts to use the main HBr/Os
recipe. In order to check the impact of different overetching, we perform different tests
to observe the SEM image of the plane view and cross-section. The etched patterns are
100 nm line-and-space patterns for cross-section and 50 nm/100 nm line/spacing for the
plane view. The plane view results are shown in Fig. A.2. and the cross-sections are

shown in Fig. A.3.

In Fig. A.2, we could observe that with 200% overetching, some edges of gate structures
were damaged in the dry etching. This could be due to the variation of the e-beam resist
HSQ thickness at the edge.

From Fig. A.3, we could observe that for 0% and 100% overetching, the recipe gives a
very good vertical profile, almost 90 degree. However, we can observe some remaining
of the Poly-Si layer at the edge of each Poly-Si pattern (rounded part), which means 0%

overetching is not enough. In Fig. A. 3(b), the remaining part is not observed, which
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Before etching

After etching
-_—

0% over

After etching

100% over

After etching

200% over

F1cURE A.2: Dependence of the dry etching rate and selectivity on the RF power for
HBr/O3 recipe.

shows a good . The rounded top of the pattern is the resist part, which is consistent
with the fact that the edges of HSQ layer are easy to be damaged.

From these experiments, I successfully establish an ICP anisotropic etching, with the
selectivity of 40:1, and vertical (almost 90 degree) etching profile. The relationship

between the etching rate, selectivity and RF power has been successfully established.
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F1GURE A.3: Dependence of the dry etching rate and selectivity on the RF power for
HBr/O; recipe.



Appendix B

Dopant diffusion test

In our fabrication process, the dopants in Poly-Si gate, raised source and drain will be
annealed for a long time. If the annealing time is too short, the dopant concentration
is not enough to form the dopant band. Under that circumstance, the Poly-Si gate,
raised source and drain will become insulator at cryogenic temperatures, and we could
not achieve proper device operation. If the annealing time is too long, the dopant will
penetrate into the SiOq layer significantly, and may even go further into the substrate.

Therefore, the total annealing time must be carefully chosen to avoid troubles.

In order to check the dopant diffusion, we make different MOS capacitors with large
size to test the sheet resistance, pinhole density and dopant penetration. The schematic

diagram of cross-section and mask layout are shown in Fig. B.1.:

a b

100nm  Poly-Si

20nm  Oxide

Substrate

FIGURE B.1: The schematic diagram of cross-section and mask layout of the capacitors.
(a) shows the cross-section while (b) shows the mask layout.

The capacitors were fabricated on bulk-Si substrate. The Poly-Si thickness was 100nm

and the gate oxide thickness was 20 nm, which was the same as our main fabrication lot.
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We deposited LPCVD Poly-Si everywhere, and use optical lithography, with AZ2070
as the resist. After that, we use the same ICP etching recipe with HBr/O; to etch
all the Poly-Si dielectric. After cleaning and annealing process, the capacitors have
been successfully fabricated, and we will measure the devices. Due to the requirement
to measure sheet-resistance and extra complexity in fabrication, the metallisation step
is not included, and we will measure the characteristics directly by probing onto the

Poly-Si layer.

First, we checked the sheet resistance of the device, and extracted the doping concen-
tration in Si. We tested the results when the device is annealed for 20 s, 40 s, 60 s, 120

s, 300 s and 600 s, respectively. The measurement result are shown in Fig. B.2.
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FIGURE B.2: Sheet resistance and doping concentration versus time. (a) shows the
measured sheet resistance while (b) shows the extracted doping concentration.

In order to achieve degenerately doping, the donor level must be broadened into bands.
Therefore, the impurity concentration must be higher than 10 cm™3. As a result, the
total diffusion time must be larger than 20 s to achieve metallised Poly-Si. We can
notice that the impurity concentration drops when the Poly-Si is annealed for 10min.
This probably has originated from the penetration into the oxide. We can roughly

estimate the penetrated dopants to be 10'* cm™2.

In order to check further, we test the gate leakage of the devices. We found no leakage
for the capacitors with the size 0.5 mmx0.5 mm, while leakages were observed for the
some of the capacitors with the size 1.5 mmx 1.5 mm, and all leakage for capacitors with
the size 5 mmx5 mm. We could roughly estimate the pinhole density to be ~ 1 /mm™2.
Considering our TG size, it means 1.5 pinholes in TG layer for every 1000 devices, and
1 pinhole in FG layer for every 100 million devices, which are both acceptable. This

shows our LPCVD poly-Si has good quality.
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In order to confirm the characteristics in detail, we measured the CV characteristics of
the device annealed for 120 s(2 min), 300 s(5 min) and 600 s(10 min). Since there were
significant leakage for all 5 mmx5 mm devices, we just investigate on the 0.5 mmx0.5
mm and 1.5 mmx1.5 mm devices without any leakage current. The C-V characteristics
were measured with B1500A, under an RF signal of 100 kHz. The results were shown
in Fig. B.3.:
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FI1GURE B.3: Sheet resistance and doping concentration versus time. (a) shows the
measured sheet resistance while (b) shows the extracted doping concentration.

The thickness of oxide layer is slightly different between wafers. However, all the devices
show the same minimum capacitances, which implies the same substrate doping con-
centration for all the three wafers. As a result, no dopants have been able to penetrate
through the whole oxide layer into the substrate, even with the annealing time of 10

minutes.

However, dopants in the oxide layer will already give variations on the threshold voltage,
and may also result in RTN in the devices. As a result, a total annealing time of 10
minutes is unacceptable. Therefore, we decide to choose 5 minutes as the maximum

tolerance.

Poly-FG will be the gate that anneal for the longest time. The Poly-FG layer will be
annealed for 3 times, once for FG layer annealing, once for FG layer oxidation to form
the FG-TG insulating oxide, and another once for TG layer annealing. If we assume
the single annealing time to be f,ynea1 and the oxidation time to be foxidation, the total
annealing time for FG will be 2t.nneal + toxidation. Since toxidation must be at least 3
minutes to form 5 nm RTA thermal oxide, the maximum value for ¢ npea1 iS 1 minute.
As shown in Fig. B.2, in 1 minute, the doping concentration is 4.2x10™ ¢m™3, which is

enough for the impurity band formation, so TG layer can be metallised.
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Based on all the tests carried, we choose the annealing time to be 1 minute for both FG
and TG.



Appendix C

L-Edit Layout for the device

design

C.1 Mask Layout Design

In order to show the design with more detail, the colour codes for different layers are

shown in Fig. C.1.
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Ficure C.1: Colours of different layers in the mask design layout.

C.1.1 Main Design (a): 2 First Gates

In this design, the size of metal layer is relatively large. Only one device will be fabricated

in a single chip.

The plane view of the Source/Drain area is shown in Fig. C.3. In the S/D contact
Region, the SOI part (L layer) is the largest regime, with the width of 7 um. The poly-
Si region (FG layer) is the second largest, with the width of 6 pm. The doping window
region (D layer) is 5 pm wide, the metal region (M1 layer) is 4 ym wide, and the contact
region (CONT layer) is 3 um wide. The plane view of the active device region is shown

in Fig. C.4, with two first gates. All the key variables are marked in Fig. C.4.
101



102 Appendix C L-Edit Layout for the device design
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FIGURE C.2: Brief View of Design (a). This shows the metal-layer layout of the design.

FIGURE C.3: Detailed View of Design (a). This shows the source/drain layout of the
design.

In this design, the two first gates (parameters controlled by variables) and a top gate (5
pumx3 pm for all designs) define the quantum dot in th silicon nanowire regime. Two
first gate are mainly used to control the tunnelling barriers of the quantum dot while
the top gate is used to control the depth of potential well and carrier concentration
in the nanowire regime. In this design, the dog-bone structure is used to minimise the
impact of the proximity effect in the e-beam lithography process. However, the dog-bone
structure will also increase the Source/Drain coupling resistance. Besides, the distance
between the edge of dopant diffusion window (D layer) and left gate is kept at a constant
value. Since it is very hard to estimate the diffusion length accurately, this may also be

a drawback of this design.

The value of the design variables for this design are summarised below in a table (Unit:

nm):
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F1GURE C.4: Focusing View of Design (a). This shows the layout near the quantum
dot region of the design.

TABLE C.1: Design parameter variables for the design style (a)
Name A S nw | lw | dw | pw

X03Y01 | 25 |75 |25 | 300 | 500 | 1000
X03Y02 | 40 |90 |40 | 300 | 500 | 1000
X03Y03 | 50 100 | 50 | 300 | 500 | 1000
X03Y04 | 60 110 | 60 | 300 | 500 | 1000
X03Y05 | 75 125 | 75 | 300 | 500 | 1000
X03Y06 | 100 | 150 | 100 | 300 | 500 | 1000
X03YO07 | 200 | 250 | 200 | 300 | 500 | 1000
X03Y08 | 500 | 550 | 500 | 300 | 500 | 1000
X04Y01 | 25 100 | 25 | 300 | 500 | 1000
X04Y02 | 40 100 | 40 | 300 | 500 | 1000
X04Y03 | 50 100 | 50 | 300 | 500 | 1000
X04Y04 | 60 100 | 60 | 300 | 500 | 1000
X04Y05 | 75 100 | 75 | 300 | 500 | 1000
X04Y06 | 100 | 100 | 100 | 300 | 500 | 1000
X04YO07 | 200 | 100 | 200 | 300 | 500 | 1000
X04Y08 | 500 | 100 | 500 | 300 | 500 | 1000

C.1.2 Main Design (b): 3 First Gates

The design of metal layer is the same as design (a) and only one device will be fabricated

in a single chip.
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FIGURE C.5: Brief View of Design (b). This shows the metal-layer layout of the design.

The S/D regime design is the same as main design (a). The plane view of the active

device region is shown in Fig. C.7, with three first gates:

FIGURE C.6: Detailed View of Design (b). This shows the source/drain layout of the
design.

The style is the same as design (a), except for the number of gates used to create
potential barriers or form quantum dots. The extra gate gives more flexibility of the
design, and is able to detect the energy of the single electron ejected from the quantum

dot. This will help understand the operation of single electron pump.

The value of the design variables for this design are summarised below in table 3.2 (Unit:

nm):
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FIGURE C.7: Focusing View of Design (b). This shows the layout near the quantum
dot region of the design.
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TABLE C.2: Design parameter variables for the design style (b)
Name W S nw | lw | dw | pw

X05Y01 | 25 |75 |25 | 300 | 500 | 1000
X05Y02 | 40 |90 |40 | 300 | 500 | 1000
X05Y03 | 50 100 | 50 | 300 | 500 | 1000
X05Y04 | 60 110 | 60 | 300 | 500 | 1000
X05Y05 | 75 125 | 75 | 300 | 500 | 1000
X05Y06 | 100 | 150 | 100 | 300 | 500 | 1000
X05Y07 | 200 | 250 | 200 | 300 | 500 | 1000
X05Y08 | 500 | 550 | 500 | 300 | 500 | 1000
X06Y01 | 25 100 | 25 | 300 | 500 | 1000
X06Y02 | 40 100 | 40 | 300 | 500 | 1000
X06Y03 | 50 100 | 50 | 300 | 500 | 1000
X06Y04 | 60 100 | 60 | 300 | 500 | 1000
X06Y05 | 75 100 | 75 | 300 | 500 | 1000
X06Y06 | 100 | 100 | 100 | 300 | 500 | 1000
X06Y07 | 200 | 100 | 200 | 300 | 500 | 1000
X06Y08 | 500 | 100 | 500 | 300 | 500 | 1000
X07Y01 | 50 | 40 | 50 | 300 | 500 | 1000
X07Y02 | 50 | 50 | 50 | 300 | 500 | 1000
X07Y03 | 50 | 60 | 50 | 300 | 500 | 1000
X07Y04 | 50 | 75 | 50 | 300 | 500 | 1000
X07Y05 | 50 100 | 50 | 300 | 500 | 1000
X07Y06 | 50 125 | 50 | 300 | 500 | 1000
X07YO07 | 50 150 | 50 | 300 | 500 | 1000
X07Y08 | 50 | 200 | 50 | 300 | 500 | 1000
X08Y01 | 50 100 | 50 | 300 | 500 | 1000
X08Y02 | 50 100 | 50 | 300 | 500 | 1000
X08Y03 | 50 100 | 50 | 300 | 500 | 1000
X08Y04 | 50 100 | 50 | 300 | 500 | 1000
X08Y05 | 50 100 | 50 | 300 | 500 | 1000
X08Y06 | 50 100 | 50 | 300 | 500 | 1000
X08Y07 | 50 100 | 50 | 300 | 500 | 1000
X08Y08 | 50 100 | 50 | 300 | 500 | 1000

C.1.3 Main Design (c): 2 First Gates+ 1QD

The design of metal layer is the same as design (a) and only one device will be fabricated

in a single chip.

The S/D regime design is the same as main design (a). The plane view of the active

device region is shown in Fig. C.10.

The difference between design (a) and design (c) is the hole inside the nanowire. This

hole will form an extra quantum dot in the 2-DEG region in the channel, and we are
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F1GURE C.8: Brief View of Design (c). This shows the metal-layer layout of the design.

interested to see the characteristics of the quantum dot and the performance of single

electron pump with this type of design.

FIGURE C.9: Detailed View of Design (c¢). This shows the source/drain layout of the
design.
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FIGURE C.10: Focusing View of Design (c). This shows the layout near the quantum
dot region of the design.

The value of the design variables for this design are summarised below in a table (Unit:

nm):

TABLE C.3: Design parameter variables for the design style (c)
Name w S nw | lw |dw | pw d
X09Y01 | 25 |75 |25 | 300 | 500 | 1000 | 25
X09Y02 | 40 |90 |40 | 300 | 500 | 1000 | 40
X09Y03 | 50 | 100 | 50 | 300 | 500 | 1000 | 50
X09Y04 | 60 | 110 | 60 | 300 | 500 | 1000 | 60
X09Y05 | 75 | 125 | 75 | 300 | 500 | 1000 | 75
X09Y06 | 100 | 150 | 100 | 300 | 500 | 1000 | 100
X09Y07 | 200 | 250 | 200 | 300 | 500 | 1000 | 200
X09Y08 | 500 | 550 | 500 | 300 | 500 | 1000 | 500

C.1.4 Main Design (d): 3 First Gates+ 1QD

The design of metal layer is the same as design (a) and only one device will be fabricated

in a single chip.

The S/D regime design is the same as main design (a). The plane view of the active

device region is shown in Fig. C.13.

The design is the same as design (c), except for the number of gates used to create

potential barriers or form quantum dots.
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FIGURE C.11: Brief View of Design (d). This shows the metal-layer layout of the
design.

FIGURE C.12: Detailed View of Design (d). This shows the source/drain layout of the
design.
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F1curRE C.13: Focusing View of Design (d). This shows the layout near the quantum
dot region of the design.

The value of the design variables for this design are summarized below in a table (Unit:

nm):

TABLE C.4: Design parameter variables for the design style (d)
Name w S nw | lw |dw | pw d
X09Y01 | 25 |75 |25 | 300 | 500 | 1000 | 12
X09Y02 | 40 |90 |40 | 300 | 500 | 1000 | 20
X09Y03 | 50 | 100 | 50 | 300 | 500 | 1000 | 25
X09Y04 | 60 | 110 | 60 | 300 | 500 | 1000 | 30
X09Y05 | 75 | 125 | 75 | 300 | 500 | 1000 | 38
X09Y06 | 100 | 150 | 100 | 300 | 500 | 1000 | 50
X09Y07 | 200 | 250 | 200 | 300 | 500 | 1000 | 100
X09Y08 | 500 | 550 | 500 | 300 | 500 | 1000 | 250

C.1.5 Secondary Design (e): 2 First Gates

Unlike the design for style (a), (b), (c) and (d), we reduce the size of metal layer in order

to achieve the high integration density. 16 devices will be fabricated in a single chip.
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FIGURE C.14: Brief View of Design (e). This shows the metal-layer layout of the
design.

The plane view of the Source/Drain area is shown in Fig. C.15, and the plane view of
the active device region is shown in Fig. C.16. Except for the metal part, the design (e)

is the same as design (a).

FIGURE C.15: Detailed View of Design (e). This shows the source/drain layout of the
design.
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F1GURE C.16: Focusing View of Design (e). This shows the layout near the quantum
dot region of the design.

The value of the design variables for this design are summarised below in a table (Unit:

nm):

For X01Y01, X11Y01 and X11Y05, the variables are shown below:

TABLE C.5: Design parameter variables for the design style (e)
Name w S nw | lw |dw | pw

XX01YYO01 | 50 | 50 | 10 | 300 | 500 | 1000
XX02YYO01 | 50 | 50 | 20 | 300 | 500 | 1000
XX03YYO01 | 50 | 50 | 30 | 300 | 500 | 1000
XX04YYO01 | 50 | 50 | 40 | 300 | 500 | 1000
XX01YY02 | 50 | 50 | 50 | 300 | 500 | 1000
XX02YY02 | 50 | 50 | 100 | 300 | 500 | 1000
XX03YYO02 | 100 | 100 | 20 | 300 | 500 | 1000
XX04YY02 | 100 | 100 | 30 | 300 | 500 | 1000
XX01YYO03 | 100 | 100 | 40 | 300 | 500 | 1000
XX02YYO03 | 100 | 100 | 50 | 300 | 500 | 1000
XX03YYO03 | 100 | 100 | 100 | 300 | 500 | 1000
XX04YYO03 | 150 | 150 | 20 | 300 | 500 | 1000
XX01YYO04 | 150 | 150 | 30 | 300 | 500 | 1000
XX02YYO04 | 150 | 150 | 40 | 300 | 500 | 1000
XX03YYO04 | 150 | 150 | 50 | 300 | 500 | 1000
XX04YYO04 | 150 | 150 | 100 | 300 | 500 | 1000

For X02Y01, X12Y01 and X12Y05, the variables are shown below:
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TABLE C.6: Design parameter variables for the design style (e)
Name A S nw | lw | dw | pw

XX01YYO01 | 25 |75 |25 | 300 | 500 | 1000
XX01YY02 | 40 |90 |40 | 300 | 500 | 1000
XX01YY03 | 50 100 | 50 | 300 | 500 | 1000
XX01YY04 | 60 110 | 60 | 300 | 500 | 1000
XX02YY01 | 75 125 | 75 | 300 | 500 | 1000
XX02YY02 | 100 | 150 | 100 | 300 | 500 | 1000
XX02YY03 | 200 | 250 | 200 | 300 | 500 | 1000
XX02YY04 | 500 | 550 | 500 | 300 | 500 | 1000
XX03YYO01 | 25 100 | 25 | 300 | 500 | 1000
XX03YY02 | 40 100 | 40 | 300 | 500 | 1000
XX03YY03 | 50 100 | 50 | 300 | 500 | 1000
XX03YY04 | 60 100 | 60 | 300 | 500 | 1000
XX04YYO01 | 75 100 | 75 | 300 | 500 | 1000
XX04YY02 | 100 | 100 | 100 | 300 | 500 | 1000
XX04YY03 | 200 | 100 | 200 | 300 | 500 | 1000
XX04YY04 | 500 | 100 | 500 | 300 | 500 | 1000

C.1.6 Secondary Design (f): 2 First Gates

The design of metal layer is the same as design (e) and 16 devices will be fabricated in
%m% %T%Jr%% %m%
Ficure C.17: Brief View of Design (f). This shows the metal-layer layout of the
design.

a single chip.

The plane view of the Source/Drain area is shown in Fig. C.18, and the plane view of

the active device region is shown in Fig. C.19.

The difference between design (f) and design (e) is the size of the dog-bone structure.

In design (f), the width of the dog bone becomes 2 pm and dopant diffusion window is
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FIGURE C.18: Detailed View of Design (f). This shows the source/drain layout of the
design.

F1GuRE C.19: Focusing View of Design (f). This shows the layout near the quantum
dot region of the design.

also increased to 1 um. The advantage is that the larger window is easier to be achieved
by wet etching, and the source/drain series resistance will be reduced. The drawback of

this design is coming from the proximity effect in e-beam lithography process.

The value of the design variables for this design are summarised below in a table (Unit:

nm):

For X01Y02, X11Y02 and X11Y06, the variables are shown below:
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TABLE C.7: Design parameter variables for the design style (f)

Name w S nw | lw dw pw

XX01YYO01 | 50 | 50 | 10 | 2000 | 1000 | 1500
XX02YYO01 | 50 | 50 | 20 | 2000 | 1000 | 1500
XX03YYO01 | 50 | 50 | 30 | 2000 | 1000 | 1500
XX04YYO01 | 50 | 50 | 40 | 2000 | 1000 | 1500
XX01YYO02 | 50 | 50 | 50 | 2000 | 1000 | 1500
XX02YY02 | 50 | 50 | 100 | 2000 | 1000 | 1500
XX03YY02 | 100 | 100 | 20 | 2000 | 1000 | 1500
XX04YY02 | 100 | 100 | 30 | 2000 | 1000 | 1500
XX01YYO03 | 100 | 100 | 40 | 2000 | 1000 | 1500
XX02YYO03 | 100 | 100 | 50 | 2000 | 1000 | 1500
XX03YYO03 | 100 | 100 | 100 | 2000 | 1000 | 1500
XX04YYO03 | 150 | 150 | 20 | 2000 | 1000 | 1500
XX01YYO04 | 150 | 150 | 30 | 2000 | 1000 | 1500
XX02YY04 | 150 | 150 | 40 | 2000 | 1000 | 1500
XX03YY04 | 150 | 150 | 50 | 2000 | 1000 | 1500
XX04YY04 | 150 | 150 | 100 | 2000 | 1000 | 1500

For X02Y02, X12Y02 and X12Y06, the variables are shown below:

TABLE C.8: Design parameter variables for the design style (f)

Name w S nw | lw dw pw

XX01YYO1 | 25 | 75 | 25 | 2000 | 1000 | 1500
XX01YYO02 | 40 |90 | 40 | 2000 | 1000 | 1500
XX01YYO03 | 50 | 100 | 50 | 2000 | 1000 | 1500
XX01YY04 | 60 | 110 | 60 | 2000 | 1000 | 1500
XX02YYO01 | 75 | 125 | 75 | 2000 | 1000 | 1500
XX02YY02 | 100 | 150 | 100 | 2000 | 1000 | 1500
XX02YYO03 | 200 | 250 | 200 | 2000 | 1000 | 1500
XX02YY04 | 500 | 550 | 500 | 2000 | 1000 | 1500
XX03YYO01 | 25 | 100 | 25 | 2000 | 1000 | 1500
XX03YYO02 | 40 | 100 | 40 | 2000 | 1000 | 1500
XX03YYO03 | 50 | 100 | 50 | 2000 | 1000 | 1500
XX03YY04 | 60 | 100 | 60 | 2000 | 1000 | 1500
XX04YYO01 | 75 | 100 | 75 | 2000 | 1000 | 1500
XX04YY02 | 100 | 100 | 100 | 2000 | 1000 | 1500
XX04YYO03 | 200 | 100 | 200 | 2000 | 1000 | 1500
XX04YY04 | 500 | 100 | 500 | 2000 | 1000 | 1500

C.1.7 Secondary Design (g): 2 First Gates

The design of metal layer is the same as design (e) and 16 devices will be fabricated in

a single chip.
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%%%% %%% e
%%H %ﬁﬂ %%H %%%H
%%i%%ﬂ %‘%% j %%H

FI1GUuRE C.20: Brief View of Design (g). This shows the metal-layer layout of the
design.

The plane view of the Source/Drain area is shown in Fig. C.21, and the plane view of

the active device region is shown in Fig. C.22.

F1GURE C.21: Detailed View of Design (g). This shows the source/drain layout of the
design.

The difference between design (g) and design (e) is the size of the dog-bone structure.
In design (g), the dog-bone is fully removed. The advantage is that the proximity effect
will be eliminated. However, long and narrow nanowire is fragile and easy to break
during the fabrication process, and the series resistance will be significant for this type

of design.

The value of the design variables for this design are summarised below in a table (Unit:

nm):

For X01Y03, X11Y03 and X11Y07, the variables are shown below:
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FIGURE C.22: Focusing View of Design (g). This shows the layout near the quantum
dot region of the design.

TABLE C.9: Design parameter variables for the design style (g)
Name w S nw | dw | pw

XX01YYO01 | 50 | 50 | 10 | 500 | 1000
XX02YYO01 | 50 | 50 | 20 | 500 | 1000
XX03YYO01 | 50 | 50 | 30 | 500 | 1000
XX04YYO01 | 50 | 50 | 40 | 500 | 1000
XX01YY02 | 50 | 50 | 50 | 500 | 1000
XX02YY02 | 50 | 50 | 100 | 500 | 1000
XX03YY02 | 100 | 100 | 20 | 500 | 1000
XX04YY02 | 100 | 100 | 30 | 500 | 1000
XX01YYO03 | 100 | 100 | 40 | 500 | 1000
XX02YYO03 | 100 | 100 | 50 | 500 | 1000
XX03YYO03 | 100 | 100 | 100 | 500 | 1000
XX04YY03 | 150 | 150 | 20 | 500 | 1000
XX01YY04 | 150 | 150 | 30 | 500 | 1000
XX02YY04 | 150 | 150 | 40 | 500 | 1000
XX03YY04 | 150 | 150 | 50 | 500 | 1000
XX04YY04 | 150 | 150 | 100 | 500 | 1000
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For X02Y03, X12Y03 and X12Y07, the variables are shown below:

TaBLE C.10: Design parameter variables for the design style (g)

Name W S nw | dw | pw

XX01YYO01 | 25 |75 |25 | 500 | 1000
XX01YY02 | 40 |90 |40 | 500 | 1000
XX01YY03 | 50 | 100 | 50 | 500 | 1000
XX01YY04 | 60 | 110 | 60 | 500 | 1000
XX02YYO01 | 75 | 125 | 75 | 500 | 1000
XX02YY02 | 100 | 150 | 100 | 500 | 1000
XX02YY03 | 200 | 250 | 200 | 500 | 1000
XX02YY04 | 500 | 550 | 500 | 500 | 1000
XX03YYO01 | 25 | 100 | 25 | 500 | 1000
XX03YY02 | 40 | 100 | 40 | 500 | 1000
XX03YY03 | 50 | 100 | 50 | 500 | 1000
XX03YY04 | 60 | 100 | 60 | 500 | 1000
XX04YYO01 | 75 | 100 | 75 | 500 | 1000
XX04YY02 | 100 | 100 | 100 | 500 | 1000
XX04YY03 | 200 | 100 | 200 | 500 | 1000
XX04YY04 | 500 | 100 | 500 | 500 | 1000

C.1.8 Secondary Design (h): 2 First Gates

The design of metal layer is the same as design (e) and 16 devices will be fabricated in

a single chip.

%%H %ﬁﬁﬁ%ﬁﬂ %%%H
%%H %ﬁﬂ%ﬁﬂ %%%H

FIGURE C.23: Brief View of Design (h). This shows the metal-layer layout of the
design.

The plane view of the Source/Drain area is shown in Fig. C.24, and the plane view of

the active device region is shown in Fig. C.25.
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FIGURE C.24: Detailed View of Design (h). This shows the source/drain layout of the
design.

F1curE C.25: Focusing View of Design (h). This shows the layout near the quantum
dot region of the design.

In this design, the distance between the dopant diffusion layer in left and right part is
kept at a fixed value. As a result, for the device with small scale, the lateral distance
between the doping area and the gate area, which gives more margin of thermal budget.
For the device with larger dimension, the dopant layer would be closer to the gate region.

The purpose of this design is to estimate the actual dopant diffusion length.

The value of the design variables for this design are summarised below in a table (Unit:

nm):

For X01Y04, X11Y04 and X11Y08, the variables are shown below:
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TABLE C.11: Design parameter variables for the design style (h)
Name W S nw | lw | dw | pw Dds
XX01YYO01 | 50 | 50 10 | 300 | 500 | 1000 | 1000
XX02YYO01 | 50 | 50 | 20 | 300 | 500 | 1000 | 1000
XX03YYO01 | 50 | 50 | 30 | 300 | 500 | 1000 | 1000
XX04YYO01 | 50 | 50 |40 | 300 | 500 | 1000 | 1000
XX01YY02 | 50 | 50 | 50 | 300 | 500 | 1000 | 1000
XX02YY02 | 50 | 50 100 | 300 | 500 | 1000 | 1000
XX03YYO02 | 100 | 100 | 20 | 300 | 500 | 1000 | 1000
XX04YYO02 | 100 | 100 | 30 | 300 | 500 | 1000 | 1000
XX01YYO03 | 100 | 100 | 40 | 300 | 500 | 1000 | 1000
XX02YYO03 | 100 | 100 | 50 | 300 | 500 | 1000 | 1000
XX03YYO03 | 100 | 100 | 100 | 300 | 500 | 1000 | 1000
XX04YYO03 | 150 | 150 | 20 | 300 | 500 | 1000 | 1000
XX01YYO04 | 150 | 150 | 30 | 300 | 500 | 1000 | 1000
XX02YY04 | 150 | 150 | 40 | 300 | 500 | 1000 | 1000
XX03YY04 | 150 | 150 | 50 | 300 | 500 | 1000 | 1000
XX04YY04 | 150 | 150 | 100 | 300 | 500 | 1000 | 1000

For X02Y04, X12Y04 and X12Y08, the variables are shown below:

TABLE C.12: Design parameter variables for the design style (h)
Name w S nw | lw | dw | pw Dds
XX01YYO01 | 25 75 | 25 | 300 | 500 | 1000 | 1000
XX01YY02 | 40 |90 |40 | 300 | 500 | 1000 | 1000
XX01YY03 | 50 100 | 50 | 300 | 500 | 1000 | 1000
XX01YY04 | 60 110 | 60 | 300 | 500 | 1000 | 1000
XX02YYO01 | 75 125 | 75 | 300 | 500 | 1000 | 1000
XX02YYO02 | 100 | 150 | 100 | 300 | 500 | 1000 | 1000
XX02YY03 | 200 | 250 | 200 | 300 | 500 | 1000 | 1000
XX02YY04 | 500 | 550 | 500 | 300 | 500 | 1000 | 1000
XX03YYO01 | 25 100 | 25 | 300 | 500 | 1000 | 1000
XX03YY02 | 40 100 | 40 | 300 | 500 | 1000 | 1000
XX03YYO03 | 50 100 | 50 | 300 | 500 | 1000 | 1000
XX03YY04 | 60 100 | 60 | 300 | 500 | 1000 | 1000
XX04YYO01 | 75 100 | 75 | 300 | 500 | 1000 | 1000
XX04YYO02 | 100 | 100 | 100 | 300 | 500 | 1000 | 1000
XX04YYO03 | 200 | 100 | 200 | 300 | 500 | 1000 | 1000
XX04YY04 | 500 | 100 | 500 | 300 | 500 | 1000 | 1000
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