[2R2 Exflsks U H—FURI Y

Science Tokyo Research Repository

oo /00000
Article / Book Information
oo@a) OO000000000000DO0DOO0DOO0oDODOoooooooooog
OO0000000O0DOOoogon
Title(English) Silicon double quantum dots with charge sensors for spin-based

guantum information devices

oo@a) oood

Author(English) Tomohiro Kambara

oo@a) O0:00@0),
oOooooo:0oo0ooa,
O000:0094560,
O0000:20140 30 260,
ooooo:0o0o0a,
oO00:00000,000000,00000,00000,00000
L0000

Citation(English) Degree:Doctor (Engineering),

Conferring organization: Tokyo Institute of Technology,
Report number:[J [0 945601,

Conferred date:2014/3/26,

Degree Type:Course doctor,

Examiner:,,,,,
oooo@oD) oooo
Category(English) Doctoral Thesis
oo@o) 00
Type(English) Outline

Powered by T2R2 (Science Tokyo Research Repository)


http://t2r2.star.titech.ac.jp/

Silicon double quantum dots
with charge sensorsfor spin-based
guantum information devices

A thesis submitted

In fulfillment of the requirements for the degree of

Doctor of Philosophy

by
Tomohiro Kambara

|

Supervisor:
Prof. Shunri Oda

to the
Department of Physical Electronics
Graduate School of Science and Engineering

Tokyo Institute of Technology
March 2014



Contents

Chapter 1 INtrodUCEION .. ...eiii it e e e et e e e e eeeareeeeeeeeeeeennnes 1
1.1, BacKrOUNd ......ouviiiiiiiiieeeeeee e ettt e e e e et e e e e e e enaes 2
1.1.1. QUANTUIN COMPULEY ...euvvviiiieeieeeeiiieeee e e e eeeeee e e e e eeeetaeeeeeeeeeeeetareeeeeeeeeeanens 2
1.1.2.  Semiconductor charge qubit and electron spin qubit..........ccccccvvvveeiieiiiennns 2
1.1.3.  Silicon coupling quantum dotS ............cooeeviuiiiiieeiiieiiiieeee e 3

1.2, ReSearcCh PUIPOSE.....ccooiieieeiee et e e e e enans 5
1.3, Outline of the thesis ......ccoiiiiiie e 5
Chapter 2: Theory of Electron Transport in Quantum Dot Devices ..........cccccvveeeeiieinnnnn. 7
2.1. Electrostatic energy in N conducCtors .............cooveeeiiiviiiieeeeiieiiiieeeee e 8
2.2.  Tunnel junction: Coulomb blockade ...........ccccooeeiiiiiiiiiiiiiiiiiiiiieeee e 9
2.3.  Single quantum dot (QD) ..........cecieuieieieeeeerieeeeeee et 12
2.4.  Double quantum dot in series (DQD).........cccvevivvieieieeeeieeeeeeeeeeereeeeereeeeeenas 20
2.5.  Principle of electron spin resonance (ESR)........c.cccocoviieieveieeceeieeeeeeeeeenns 25
Chapter 3: Experimental TeChniques ........ccccuveiiiiiiiiiiiiieeee e 30
b5 00 I BN 10T 1B (o1 o )'s SRS 31
3.2.  Device fabrication teChNIQUES.........ccoooiiiiiiiei e 31
3.2.1.  Substrate Cleaning ...........cccovvviiiiiiiiiiiiiieeeeee e 31
3.2.2.  Thermal 0Xidation .......ccceeiiiiieiiiiieiie ettt ettt 31
3.2.3.  Electron beam lithography (EBL)...........ccccoviiiiveieieeeeeeeeeeee e 33
3.2.4. DIy etChINg ..ooooiieieeiiiee e 36
3.2.5.  Metal dePOSItION .....ccceiiiieeciiiieeeee et 37
3.2.6.  Scanning electron microscopy (SEM) ........cccoceioieveieiereiieieeeeeeeeeeeeenne 39

3.3.  Device fabriCation PIrOCESS .....uuvieiieeeiieiiiieeeeeeeeeeececteee e e e e eeeeeree e e e e eeeeerreeeaeeeeens 40
Chapter 4: Analysis of Charge Modulation in Si DQD...........ccccooviiiiiiiiiiiiiiiiiieeeeeeeee, 46
7/ I 0N 0T 16 (o1 o) s S SRRPS 47
4.2, Simulation Method .......coooiiiiiiiie e 47
4.3. Results and diSCUSSION ......eeeriiieiiiieiieeeiee ettt ettt eeee e as 49
O B 070} 0 Te] L F ) 1o o PSRRI 54
Chapter 5: Detection of Single Electron Transport in various Si DQD Structures ....... 55
B.1. INErOAUCTION c..eeiiiiiiiece ettt et ettt e e eeate e e s 56
5.2. Charge sensing of DQD ..........oooiiiiiiiiiiiiiie e 56
5.3.  DQD formed by back gate D1as ........ccccoveeiiiiiiieiiiieieeee e 61
5.4. Modification of constrictions and gate electrodes positions .........ccccceevvveeeeeennnn. 62



5.5. Modifications of charge sensor and gate electrodes positions............ccceeuveeennns 64

5.6, CONCIUSIONS .eouutiiiiitieiiie ettt ettt ettt e st e sab e st esbeeebteesbaeesabeeas 65
Appendix: Electron temperature in QDS .........ccoeeeieiiiiiiiiiiiiiiicieec e 66
Chapter 6: Dual Function of Charge Sensor: Charge Sensing and Gating..................... 69
6.1, INtrOdUCEION .oooueiiiiiiiiiceeeee ettt e 70
6.2. Device Structure and Measurement Method ...........ccccceevviiiiiiniiieeiniiieeeeieen, 70
6.2.1.  DeVICE SEIUCTUTE ...eeeiuiiiiiiiiiiiie ittt ettt et e es 70
6.2.2.  Measurement method ......c.cccoviiiiiiiiiiiiiic e 72

6.3. Results and DISCUSSION c....eeeriiiiiiiiiiiiiieeeieeet ettt 72
6.3.1.  Self-modulation by offSet DIaS .......ccccuviieiiiiieeiiiiieeccieee e 72
6.3.2. Gating function of CS..........ccoiiiiiiiiiiiie et eerre e 76
6.3.3.  Dual function of CS.....c.cccoiiiiiiiiiiiee e 77

6.4, CONCIUSIONS ..eiuiiiiiiiiieitie ettt ettt ettt e st e e sateesbbeesabeeas 81
Chapter 7: Analysis of Electron Spin Resonance with Ferromagnets and Si DQD ....... 82
Chapter 8: ConCIUSIONS..........oooiiiiiiiii 83
RETEIEIICE ...ttt ettt st et n 84
PUDBLICALIONS ..ottt et sttt ettt et e bt eebee e 89
ACKNOWIEAZEIMIENT ...ttt ettt e eette e e et e e e eetbe e e e eearaeeeetraeeeeeatreeeeeeres 95

1i



Chapter 1: Introduction

Chapter 1: Introduction

In this chapter, quantum computer, a new kind of information device, is explained as
a research background and current situation of charge and electron spin qubits in
semiconductor and coupled silicon quantum dot device are introduced. Finally, research

purpose and constitution of this work are shown.



Chapter 1: Introduction

1.1. Background

1.1.1.Quantum computer

The semiconductor industry has been remarkably developing and achieving the
high-speed, low electric consumption, and high-density integration, by scaling law.
Because of the development of the nano-scale fabrication technology, semiconductor
quantum dot (QD) structure can be fabricated, in which electrons are confined in zero
dimension regime [1,2]. The various characteristics about the electrons of quantum dots
have been studied recently. The research about the quantum computer with logical
operation with quantum characteristics of few-electron in the QD has attracted [3]. The
attached shows the basic theory of the quantum computer.

The research about the quantum computer has been studied since 1960’s, but at that
time, just the logic one had been done because the calculation ability of the computer
doubted whether it was higher than the classical one or not. However, Peter W. Shor in
the Bell laboratory proved that quantum algorithm could solve prime factorization
extremely quickly with small error probability [4], which changed that situation. The
factorization of large number of digits within the realistic time scale is impossible even
for the best supercomputer in the world, and then it ensures safety of public key
algorithm, for example RSA. If the quantum computer were realized, the factorization
would be done at high speed and the safety of cipher would be destroyed, which would
give a terrible influence to the society. Therefore, the experiment of the quantum

computer in the real physical science has been advanced.

1.1.2.Semiconductor charge qubit and electron spin qubit

Bits of the quantum computer are called qubits. Qubits should have a possibility to
be a candidate as a physical system of quantized two states. During the operation in the
two-state condition, keeping the quantum states is necessary (coherent operation),
which has been researched. The system which could prove many coherent operations
concerning qubits uses nuclear spins in molecule, and the demonstration of the prime
factorization of integer 15 was performed by solution NMR [5].

However, making further more qubits is extremely difficult because the molecular
structure decides the number of qubits in this system. Therefore, for the accumulation
in the future, the research with solid-state is advanced, and the qubits confining electric
charge in a quantum dot has attracted.

One charge qubit, which is one of the examples of qubit systems confining electric

charge in serially coupled two QD, is considered as one qubit. Quantum calculation is
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operated by superposition of the existence probability of the confined electron in the
DQD. The coherent operation of one qubit is already reported in the research with using
the two dimensional electron gas in heterostructure of compound semiconductor
(GaAs/AlGaAs)[6]. For the charge qubits, the control of the coupling strength between
two QDs is very important because the coupling within qubits decides the speed of the
coherent operation [7]. Furthermore, for the realization of the quantum computer, the
analysis of two-qubit behavior is extremely important because it is possible to build an
arbitrary quantum circuit with the coherent operation of one qubit and CNOT gate of
two qubits [8]. For the integration of qubits, the analysis of the electrostatic interaction
in the device structure, which is corresponding to two qubits and the coherent operation
have been achieved with compound semiconductor charge qubits [9, 10].

However, charge qubits has a problem, which means the destruction of quantum
states for very short time, few nano-seconds. On the other hand, spin qubits [11] using
the electronic spin confined in qubits is expected the longer time of quantum state than
charge qubits, a few micro-seconds [12,13], and then, various approaches are tried. The
coherent operation of single electron-spin in the QDs with compound semiconductor has
been achieved by using electron spin resonance (ESR) with oscillating magnetic field led
by strip line on the QDs [14]. In this experiment, the double QD (DQD) is used as the
system to confine the electron spin. An effect of current suppression caused by Pauli
exclusion, called Pauli spin blockade (PSB), has an important role for readout of the
electron spin [15,16]. On the other hand, the coherent operation of the electron spin by
using only electric field, not local magnetic field, has been reported in the similar
structure of DQD. Electric field does not directly interact with the spin, but it controls
the spin through various mechanisms: spin-orbit interaction [17], hyperfine interaction
[18] and slant magnetic field by integrated micro magnet to the structure [19, 20].
Furthermore, the coherent operation with two electron spin, corresponding to two
qubits, has achieved by using QDs with compound semiconductor [21]. The control of
the coupling between the DQD is also important for this electron spin qubit system. The
control of the strength of the coupling between the QDs plays the important role for
qubit operations, for example, both single qubit and two qubit operation are shown by
the same device structure with different coupling strength, and the speed of the

coherent operation of electron spin is modulated by the strength [22].

1.1.3.Silicon coupling quantum dots

The research shown the above mainly has been done with two dimensional electron

gas in heterostructure, especially GaAs/AlGaAs. This system has a small effective mass
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m" (m* = 0.067 mo, mo: mass of free electron), and so the size to obtain clear quantum
effect is easy to fabricate with electron beam lithography, and is appropriate research
object for basic physics. However, the causes destroying the coherence of electron spin
has been proved with the progress of the research of quantum operation by compound
semiconductor [12]. The most important point is the limitation of relaxation time of the
spin by hyperfine interaction between electron spin and nuclear spin. According to one
research, the relaxation time is dramatically extended by a polarization of the nuclear
spin with pumping by flip-flop of the electron spin and nuclear spin [23] for controlling
the spin relaxation by hyperfine interaction [24].

In the main current of such research, the other research with the material which has
almost no nuclear spin such as IV semiconductor has been remarkable. For example,
the research with carbon, carbon nano tube [25, 26, 27, 28, 29] and graphene [30, 311,
and that with silicon, Si nanowire [32, 33, 34, 35] , two dimensional electron gas with a
heterostructure of Si/SiGe [36, 37] and Ge/Si core shell nanowire [38] have been done.
We focus on silicon, since there is almost no hyperfine interaction because 95% of
natural silicon has no nuclear spin. Moreover, it is possible to completely remove the
interaction with the perfect control of isotope. The coherence time becomes long because
of small spin-orbit interaction (Rashba spin-orbit interaction [39]) and the inexistence of
piezo-electric electron-phonon interaction. Recently, silicon is highly attractive as the
object for the research of quantum information, and it is profitable for the integration of
the qubits in the future because it is very adjustable with the existing silicon CMOS
(Complementary Metal-Oxide-Semiconductor) fabrication process. Characteristics of
electron transport in the coupled QDs of silicon has been researched in various
structures: QDs in silicon narrow line controlled with top gate bias [40, 41], Si:P QDs
fabricated by ion implantation of phosphorus [42], QDs controlled by top gate bias in
Ge/Si core shell nanowire [43], Si/SiGe two dimensional electron gas [44]. The
electron-spin coherence time 7%* of phosphorus in natural and isotope-controlled Silicon
is measured as longer than 1 ms and 1 s [45], and then, the electron spin qubit with
Silicon becomes more promising. There is no report of Si spin qubit while there are 71
measurement with Si‘P QDs[46] and the coherent rotation of electron spin with
exchange interaction in Si/SiGe substrate [46]. One reason is that the small splitting of
the quantized levels in Silicon because of larger effective mass of electron (along minor
axis m* = 0.19.mo, along major axis m* = 0.916.mo in constant-energy surface) than that
in GaAs. The small splitting results in the large number of electrons in the QD and
unexpected superposition of charge and/or spin states. To obtain the large splitting, the
Si QD size should be smaller than 50 nm.
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Electron-spin control by using spin-orbit interaction and/or hyperfine interaction,
which are the decoherence source, is already achieved in ITI-V semiconductor [48], while
the control by those interactions is difficult in Silicon. Exchange interaction also control
the electron spin, however, three coupled QDs are necessary to make an exchange-only
qubit [49]. Integration technique of qubits is another challenge for quantum
computation because many qubits should be integrated for quantum calculation.
Therefore, the development of the system which operates each qubit independently and

includes many qubits is necessary.

1.2. Research purpose

From the discussion in above background, we focus on the development of element
technologies for Si spin qubits as follows in this work:

1. Development of the integration technology of Si QDs. Many gate electrodes and
sensors should be used for one spin qubits, which becomes a problem for the
integration.

2. Design the Si QDs device to develop the technology of the single electron-spin
control. Especially, we focus on ESR method with RF wave which is suitable for
future spin-qubits integration.

The Si QDs used in this work are defined lithographically and its shape is flexibly
changed by the change of the design pattern of the lithography. For the actual quantum
information processing in the future, Si spin qubits not only one qubit but also further
integration of many qubits should be achieved. Therefore, development of the
technology of the single electron-spin control with Si QDs fabricated by Si-MOSFET

compatible process is another aim of this work.

1.3. Outline of the thesis

Chapter 1 Introduction

Chapter 1 presents the motivation for this work and over all literature review of
semiconductor charge and spin qubits.
Chapter 2 Theory of Electron Transport in Quantum Dot Devices

Chapter 2 gives explanations theories of electron transport through QDs to analyze
the characteristics in this work and electron-spin resonance. Derivation of electrostatic
energy in the system of N conductor, principles of single electron tunneling, single QD

and coupled QD structure and principle of the electron spin resonance are explained.
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Chapter 3 Experimental Techniques

Chapter 3 gives detail introduction of main equipment and fabrication process which
are used in this work.
Chapter 4 Analysis of Charge Modulation in Si DQD

Chapter 4 gives analyses of dependence of charge distribution on gate bias and
temperature in Si QDs. Reduction of the number of the charges for electron-spin
resonance is also discussed.
Chapter 5 Detection of Single Electron Transport in various Si DQD Structures

In chapter 5, coupled QDs device with a sensor to readout electron position, which is
used to also detect electron spin, are fabricated and its transport characteristics are
discussed. Device structures to obtain high tunnel rate through the QDs are also
discussed.
Chapter 6 Dual Function of Charge Sensor: Charge Sensing and Gating

In chapter 6, a gating function of the integrated sensor in chapter 5 with its sensing
function is developed for the first time. The gating function is also applied to
self-modulation for wide-range charge detection. Integration of QDs for quantum
information processing is discussed for the future.
Chapter 7 Analysis of Electron Spin Resonance with Ferromagnets and Si
DQD

In chapter 7, electron-spin control by electron spin resonance with local magnetic
field by ferromagnets and micro wave is analyzed for our Si QDs. Frequency of electron
spin resonance is estimated as faster ~1 order of magnitude than similar QDs device in
GaAs by calculated magnetic field, which is generated by ferromagnets and equipment.
From the measurement of the DQD device with ferromagnet, the blockade region in
several bias triangles is observed. From the magnetic field dependence of the leakage
current in the blockade region, the blockade region is by valley-spin blockade. We also
mention about the magnetic field and RF dependence at the blockade region.
Furthermore, the method to resonance without magnetic field applied by equipment is
analyzed by the optimization of the device structure.
Chapter 8: Conclusions

Chapter 8 summarizes this work.
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Chapter 2: Theory of Electron Transport in Quantum

Dot Devices

Abstract

In this chapter, theories of electron transport through QDs to analysis the
characteristics in this work and electron-spin control by oscillating magnetic field are
explained. In particular, derivation of electrostatic energy in the system of N conductor,
principles of single electron tunneling, single QD and coupled QDs structure and

electron spin resonance are explained.
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2.1. Electrostatic energy in N conductors

There are capacitive coupling between every conductors and ground, an electrical
reference, in an electrical circuit. A total number of the capacitance in the system

consisted from N conductors is

N
k-1 N(N+1)

5 5 2.1

N+

k=1
Total charge ¢} in conductor jis showed as sum of the charges in the other conductors

which is coupled to itself,

N N
Q= Z Qjre = Z e (V; = V)

k=0 k=0

= cie(V; = Vo) + (V; = Vi) + -+ g (V; = Vi)
N , (2.2)
=—GoVo — V1 = = Gi-pVj-1 F Z GiVi = GG+ Vjr —
k=0,k+j
—Cin W

when ¢k and gjx are the capacitance and charge between the conductor jand 4, Vjis an
electrostatic potential of the conductor jand electrostatic potential of the ground V= 0.

This equation is also expressed as a capacitance matrix

¢=cv , (2.3)
when
QO vb Cbo COl CbN
G=%4)r=[") =0 mU G (2.4)
Qn Vy Cno Cn1 Cnn
and
N
Gj = Z Gie» Cj = Cj = —Cje (2.5)
k=0,k#]

An electrostatic energy U is a sum of the charged energy in the N ( N + 1) / 2

capacitances as

IV P =-V-0=20-c-10 . 2.6
U=5V-CV=5V-Q=5Q-C"'Q (2.6)
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A power supply can be added as a node with the capacitance (; to the ground to this
system. There is an enough charge ¢} in the power supply, and then the its voltage V} is

shown as V, = ¢/ . The charge of this system is calculated by using the capacitance

6c _ CCC CCP [7;
<5p>_<CVC Cpp)(?) ’ 2.7

p

submatrices

when the vector of the charge and voltage of the conductor (power supply) nodes are

ac(p) and Vc(p). Therefore, by inverse matrix of the Cec, I_/; is derived as
V. = Ce2(Q. — CCVVp)

b

2.8

and the electrostatic energy of the conductor nodes l7c 1s calculated the same way as eq.

(2.6)

Ue =5Ve CecVe = 5 Ve (Qc = Cerllp) - (2.9)

2.2. Tunnel junction: Coulomb blockade

At first, we think a junction with a capacitance C. Electron cannot transport through
a potential barrier in classical theory, and then charge ¢ = CV and electrostatic energy
U= @2/ 2C are accumulated when a voltage V'is applied to the junction. The energy

U(N) with the accumulated N electrons at the junction is

(=NleD? _ , lel?

U(N) = N2 x— (2.10)
(V) 2C T
—
+ __ +0 1 -
v c__v
T O
_/

Fig2.1: Single junction
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when |e| = 1.6 X 10719 is elementary charge. However, the electron can tunnel through
the junction with a tunnel rate / because of a broadening of its wave function. Such a
junction is called tunnel junction. U(V) is changed when one electron tunnel through
the junction, and the difference of the energy 1AN) is represented as

p(N) =UN) -UWN - 1)

= (N*—(N - 1)2)E

B 2C . (2.11)
B le]?

= (ZN_DT

The u is called as electrochemical potential, which is defined as energy to add Mh
electron to the system. Next, we think a system which the charge is not accumulated at
the tunnel junction and voltage Vi is applied to it by the voltage source. The current
does not flow through the junction when the electrochemical potential of the electrode
voltage u = |e|V,, is smaller than the potential for the single-electron tunneling zA1).
The phenomenon such as the prohibition of the tunneling is called Coulomb Blockade in
the regime,
< p(l) &
le]?

Vg <—
lelVsa < 55 (2.12)

Vo < 11
2C
On one hand, the junction is regarded as a resistor with a tunnel resistance Ar when
Veqa > le|/2C and then the current flows. On the other hand, when V,; < 0, we think the
virtual voltage Vi; = —Vy; is connected instead of Vid for the simplify. The comparison
of the electrochemical potential ur and (1) declares the condition for the Coulomb
blockade,
pr < u(l) &
le|?
lelViq < Sc ©
le|? (2.13)

- — s

Vg > )
sd 2C

From eq. (2.12)) and (2.13)), the total condition for the Coulomb blockade with the single

junction is assembled as

10
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(a) L (b) [I]

Tunnel junction

e S

R(V)

| |
| |
G

Equivalent circuit

Fig. 2.2: (a) La- Vea characteristic of Coulomb blockade. (b) Equivalent circuit of tunnel

junction in classical model.

T
2C %% T2

Characteristics of ideal Coulomb blockade is shown as Fig.2.2(a). A width of the

(2.14)

Coulomb blockade regime is called as Coulomb gap. The tunnel junction and the

equivalent circuit can be depicted as Fig. 2.2(b) when

le]
S |Vsd| <i

R | |V, |>ﬂ
T sd 2C

To observe the Coulomb blockade experimentally, below conditions should be satisfied;

R(V) = (2.15)

A. Fluctuation by thermal energy

Coulomb blockade is not observed when the thermal fluctuation of the system kg7
(&p: Boltzmann constant) is larger than the Coulomb gap 2/41) because electron can
tunnel through the junction even Via = 0. Therefore, Coulomb blockade should be

observed when the condition is needed as below;

le]? (
=— : 2.16)
2u(1) oC » kgT
The capacitance Cfor the blockade at the room temperature (7'= 300 K) is

C < ﬂ~6[al:] (2.17)
T . .

Extremely fine structure is necessary to obtain such as the very small C. For example,

11
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the area of the parallel plate capacitor Swith a gap d~ 1 nm is

S« i—:~25 x 25 [nm?] . (2.18)
Techniques of a high level fabrication, for small d and .S, and of a measurement at low
temperature, for small 7, are important to observe Coulomb blockades experimentally.
B. Tunnel resistance with uncertainly principle

The tunnel resistance should follow the below equation,

h
W~25.8[kﬂ] , (2.19)

when Fk is called resistance standard, which is derived by time and energy uncertainly.

RT > RK =

A time constant of relaxation by the tunneling through the tunnel junction 71is written
by the tunnel capacitance C and tunnel resistance Fr as T = CR;. The energy of the
system is fluctuated ~h/CR; by the uncertainly principle. Coulomb gap should be
wider than the fluctuation to be observed, therefore,
o & lel® & Ry > h : (2.20)
CR; = C le|?
C. Coupling with environment
The tunnel junction is coupled with environment in real setting. We assume that the
impedance of the environment L« is connected between the junction and voltage

source serially. Equation (2.12)) can be applied when A« is higher than the quantum

resistance and the 7'is extremely low [50].

2.3. Single quantum dot (QD)

Next, we consider double junction system which is described as Fig.2.3(a). The
coupling of a region, called “island”, from the environment which is connected the two
junctions become weak and Coulomb blockades can be observed easily. The number of
charges in the island is modulated by an integration of other gate electrodes which are
capacitive coupled with the island. A single quantum dot (QD) with the tunnel coupled
source and drain electrodes, and capacitive coupled gate electrode is used to observe

Coulomb blockades experimentally.

12
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TJ
=
+ - (+ QDO
., O—+0,
=
TJ
(a)
Ae + Vs /
|
E;
= . }evS

(b)

Fig.2.3: (a) Double junction system and equivalent circuit model. (b) Energy diagram of

a quantum dot (QD) coupled to leads with voltage V&.

The accumulated charges in the single QD is
Q1 —C(Vy = V) + Cr(Vy —VR) + Cg(Vl - Vg) S

(2.21)
Q1 + CLVL + CRVR + Cg]{q = C1V1
when C; = C, + Cg + C,. Also, the electrostatic energy UMV is,
1
U(Ny) = §V1 Gy
(2.22)

2
_ [_(Nl_No)lel +CLVL+CRVR +Cg](q]
h 2C,

13
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1
= E (N1 - No)ZE(,2“1

C, Cr C,
= (V= No) (G lelVi + - lelVi + ¢ el )

+ (Vi Ve, Vy)
when Q; = —(N; — Ny)|e| (No: the number of electrons at initial state, Vi the number of
electrons at stable state), Eg =le|?/C; and f(V,, Vi V,) = (CEVZ + CEVE + C2V2 +
2C,Cr Vi Vg + 2C,Cy VLV, + 2CRC, VRV, )/2C. Therefore, the electrochemical potential AN:)
is
p(Ny) =UWNV,) — UV, — 1)

1 C Cr C, :
= (Ma = Mo = 3) Eex = G lelVy = G lelV = Zlelt, (2.23)
If V, = =V,; and Vi = 0, eq. (2.23)) becomes
1 C C,
B = (N = No =) Bex = 2 lelVsa = 2 lel¥, BN CER
2 C, C,

The condition to observe Coulomb blockade with the single quantum dot is derived
by a comparison of the electrochemical potential of the electrodes and the dot. When
Viq > 0, electrons tunnel from left to right, and then, the condition is calculated in the
same way as eq. (2.12)) and (2.13)),

u(Ny) >y &
(M= Mo = 3) Bt + L lelVig — 2 lelVy > lelVig &

2 C, c, ' s (2.25)
Vg < —2 V+(N —N, —1) lel

Ce+C, 0\ 70 2)Cr+Cy ,
and

pu(Ny) < pp &
(Nl—NO—l)ECl+2|eIVsd—ﬁleIV <0e

2 C, c, ' (2.26)

—Cy 1\ |e|
Vea < ——2V, — <N1 — N, ——)—

14
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'(E) Lﬂ&lx\ Va iG>0l
i1} \

- e
(A) Tunncling (€} Blrckade (D} Tuencling
i uI_
el ﬂm o o el o
(b)
QD Current
99 100pA
10pA
IpA
2.151 0.1pA
0.01pA
"E 21
5 =
205+

-002 -001 0 001 002
Vg [V]

Fig.2.4: (a) Energy diagram of one Coulomb diamond. (b) Vi Via characteristics of Si
single QD. In black and blue region, QD current is blockade.
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When V; < 0, just inequality sign should be reversed because the tunneling is occurred
from right to left. This characteristic is drown as Fig.2.4(a) with the schematics of the
potentials in the region A, B, C and D and at the each interface. The shape is called
“Coulomb Diamond”. Coulomb blockade is occurred in the gray region in Fig.2.4(a) with
Nelectrons. Figure 2.4(b) shows Vig- Via characteristics of Si single QD. Many diamonds
are observed.

WhenV,,; = 0, characteristic oscillations, which is called as “Coulomb Oscillation”, is
observed with sweeping the gate bias [Fig.2.5(a)]. Figure 2.5(b) is an image of scanning

electron microscope (SEM) which is used to obtain the Zi- V; of Fig.2.5(a).

HiN)
(@) w . TP & STTO Y T
pi(N-1)
E— RIN-1)E
50 \

Current [pA]

/ /
'1
N-2J| Nt ] N INed N2
: |

-1.0 -0.5 0
Gate bias [V]

Si0, , Silicon

SEM image of Si SET

Fig. 2.5 (a): Ia- Vg characteristics and energy levels at Coulomb peak and blockade region.
(b): SEM image of lithographically Si SET. Current flows from source and drain

electrode, and modified by gate electrode.
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The device, which is also called as “Single-Electron Transistor” (SET), like Fig 2.5(b)
is widely researched because the current is controlled and switched between ON and
OFF state by the gate bias. From eq.(2.23)), the gap between N; and N; + 1 peaks in

the Coulomb oscillation becomes

u(Ni; V) = u(Ny + 1V, + AY) & AV, = (2.27)

le“’

The gate capacitance C, is estimated from the frequency of the Coulomb oscillation.
When the source-drain bias and gate bias are constant, the difference of the
electrochemical potential by addition of one electron is
u(N; +1) — u(N,) = Ecy ) (2.28)
E;4, called as charging energy, can be also treated as an energy to add N; + 1th electron
to the island since N;th electron comes in.
When two gate electrodes are integrated with the QD [Fig. 2.6], the electrochemical

potential u(N;) is represented as follows:

1 Coe C
p) = (N =Ny =) By = LlelVgy = Llelyy, , 229)
1 1

Co r
Vi ‘ ‘ OV

Fig. 2.6: Schematic of double gated SET
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with V, =Vz =0 and N, = 0 for simplify. If u(N;) =0,

C 1\ |e|
Vg = —Cilvg1 + (N1 ——)— . (2.30)

92 2/ Cy2
Figure 2.7 shows an electron stability diagram which is calculated from eq.(2.30).
The numbers and the black lines are in Fig.2.7 is the number of electrons and the peaks

of Coulomb oscillation in the QD. The peak lines are parallel each other.

vV gl

g
e/2Ca  3e/2Ca S5e/2Cq
Fig. 2.7: Schematics of Coulomb oscillation with V51 and Vg, The numbers in each area

is the number of electrons in the SET.

The discussion above uses classical model with the electron tunneling through the
potential barrier. However, de Broglie wave length in semiconductor is larger than that
in metal, and then, the energy levels in the QD is drastically quantized by the quantum
confinement with the nano-scale device structure. The electrostatic energy with the
quantized energy level U(N;) is calculated as follows:

Ny

U(N,) = U*(N,) + Z E, , (2.31)
p=1

When U*(N;) is the electrostatic energy from classical model and E, is an energy to
occupy pth level. The equation (2.31) derives the electrochemical energy u(N;) as
p(Ny) =UN,) —UN, — 1)
= pu(Ny) + Eyy
The additional energy u(N; + 1) — u(N;) becomes

(2.32)
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u(Ny + 1) — u(Ny) = E¢; + (EN1+1 - ENl)
= Ecy + AE ’ (2.33)
when AFE is the gap between the quantized levels. The gate bias to add N; + 1th
electron AV, = Vyy 41 — Vg, is represented from egs. (2.23)and (2.33) as follows:

C
L

e
AV, = —
9 C, elG,

AE ) (2.34)

The quantized level are clearly observed when thermal energy of the system is enough
small (kzT « AE). When source-drain bias is increased with the fixed gate bias, an extra
electron can contribute to the electron transport though the QD [Fig. (2.8)]. Figure 2.8
(a) shows Mh and M+1th ground states GS(A) and GS(M+1), and Mh and AM+1th
excited states ES(V) and ES(AV+1) in the quantum dot. When the relaxation is faster
than the tunnel rate through the SET, the transports with ES(V) and ES(AV+1) can be
observed, then the spectrum of the tunnel current gives informations of the relaxation.
Figure 2.8(b) shows an electrostatic potential u(N + 1) corresponding to Fig. 2.8(a). The
potential of ES(N) & GS(N + 1) is smaller than that of GS(N) & GS(N + 1). Figure 2.8
(c) shows the Coulomb diamond with Fig. 2.8(b). Excited lines (yellow and blue) are
shown at higher Viq than the edge of diamonds.
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(a) (b)
U
ESUNTY) - W(N+1)
GS(N)&ES(N+1)
GS(N+1) 2
AE(N+1)
ES(N) GS(N)GS(N+1)
AE(N)
GS(N) . ES(NJ#GS(NH) |,
(¢)

AE(N) Ve

Fig. 2.8: Schematics of Coulomb diamond with excited states

2.4. Double quantum dot in series (DQD)

Similar to the SET, serially-coupled dot is modeled as a network of resistors and

capacitors as depicted in Fig. 2.9.
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—(JO O} LT

1 2
+ — ——
() — <+) Cg* Cg?
Vg Vs + <+>
+ WV Vg2
V;]1 ng

Fig. 2.9: Equivalent circuit model of serially coupled QD as a network of resistors and

capacitors

Each dot is capacitively coupled to a gate voltage V;1 and Ve through a capacitor G
and Cye, respectively; and to the source (S) or drain (D) contact through a tunnel barrier
represented by a resistor KL or AR, and a capacitor CL or Ck connected in parallel. The
dots are coupled to each other by a tunnel barrier, represented by a resistor Fm and a
capacitor Cn in parallel. The number of electron in QD: and QD2 is M and M,
respectively. The bias voltage, V% is applied to the source contact with the drain contact
grounded (asymmetric bias). In this section we consider the linear transport regime, i.e.
V= 0. Assuming the cross-capacitances (such as between Vgl and QD2 or vice versa),
and other voltage sources and stray capacitances are negligible. The total charge on
each dot can be expressed as the sum of charges on all capacitor,

Q=C(V,=V)+ Cgl(Vl - Vgl) + Cn(Vy = 13)

Q= Cr(Vy = Vi) + Cyo (Vo = Vo) + Cn(V, — 1) ' (2.35)
The voltage on the charge nodes then

_ C2(Qy + CLV, + Cy1Vy1) + C(Q2 + CrVi + CyaVy2)

" C,C, — C3
V= Cm(Q1 + CLV, + Cg1Vg1) + C1(Qo + CrVi + Cy2Vy2) (2.36)
2 C,C, — C

Where

C,=C,+C4 +Cp

C,=Cr+Cyp+Cpy ’ (2.37)
For the case V.= TR =0, ¢h = -M, and ¢k = -M2, the electrostatic energy of the double
dot can be expressed as

1 1
Egs(Ny,Ny) = ENEECl + ENZZECZ + Ny Ny + £ (V1. Vya) ) (2.38)
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1
f(Vg1: ng) = ——Iq |{Cg1Vgl(N1E61 + NyEcy) + CyoVga (N1 Ecy + NZECZ)}
e

11, 1., .
+ q2 ECg1Vg1EC1 + Engvngcz + Cg1Vg1Cg2Vg2Eem
e

Here, Ec1 and Ecz is the charging energy of the QD1 and QDz, respectively; and Fcm
is the electrostatic coupling energy, which is the change in the energy of one dot when
an electron is added to the other dot. In terms of capacitance, these energies can be

expressed as

(1 N, el 1 ), _af
C1 1 yE=C2 1 C"% ' ECm C]_ CICZ_

_ G A )
G, GG, CA

(2.39)

Ecy =

C1 and (% is the sum of all capacitances attached to QD1 and QDsg, respectively. When
Cew= 0 and hence Eom = 0, eq. (2.38)) reduced to

(_N1|Qe| + Cglvgl)z + (_N2|Qe| + CgZVgZ)2

,  (2.40)
2C, 2C,

EES(NllNZ) =

which is the sum of the energies of two independent dots. In case of a strongly coupled

DQD, Cn become dominant as g—m — 1, the electrostatic energy is given by
1,2

2
E (N N. ) — [_(Nl + NZ)lQel + Cglvgl + CgZVgZ] (2‘41)
EsVTL T2 2(C, + C, —2Cp) ’

In this case, strong coupling between the DQD leads to one big dot. The electrochemical

potential is defined as the energy needed to add the Nth electron to a dot, while having
N electrons on the dot. Using the expression of total energy eq. (2.38), the

electrochemical potentials of the dots are

1 1
p1 (N, Np) = (N1 - E) Eci + NoEcm, — 1221 (Cg1Vg1EC1 + CgZVgZECm) ,  (2.42)

1 1
pz(Ny, No) = <N2 - E) Ecy + NiEcyy — m(cgzvngcz + Cg1Vg1ECm) ,  (2.43)

The change in u,(N;,N,)at fixed gate voltages, M is changed by one, u;(N; + 1,N,) —
U1 (Ny, N;) = E¢q, is called the addition energy of QD1, and similarly for QDa.

From the electrochemical potentials in eqgs. (2.42) and (2.43), we can construct a
charge stability diagram, giving the equilibrium electron number M and M: as a
function of Vg1 and V. We define the electrochemical potentials of the left and right
leads to be zero if no bias voltage is applied, y;, = ur = 0. Hence, the equilibrium
charges on the dots are the largest values of M and M for which both u,(N;,N,) and

U2 (N, N,) are less then zero. If either is larger than zero, electrons escape to the leads.
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For completely uncoupled dot, the diagram looks as in Fig. 2.10 (a). If the coupling
between the DQD is increased, the domains become hexagonal as shown in Fig. 2.10 (b),
while if the coupling is strong, the triple point separation become maximum as depicted
in Fig. 2.10 (¢). In this case, the DQD behaves as a single big dot with total charge
N = N; + N,. In Fig. 2.11, two kind of such triple points are distinguished, () and (o),
corresponding to different charge transfer process. At triple point (*), the dots cycle
through the sequence (N;,N,)— (N;+ 1,N,) - (Ny,N, +1) - (N;,N,) while at triple
point (o) the dots cycle through sequence (N; +1,N, + 1) = (N; + 1,N,) » (N;,N, + 1) -
(N;+1,N, 4+ 1).
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VQE
(0,2) (1.2) (2,2)
(0,1) (1,1) (2,1)
(0,0) (1,0) (2,0)
(a) Vg1
Vil
(b) Vor

Fig. 2.10: Schematic stability diagram of the double-dot system for (a) small,

(b)intermediate, and (c) large inter-dot coupling. The equilibrium charge on each dot in

each domain is denoted by (N, Nb).
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Fig. 2.11: Schematic stability diagram showing the Coulomb peak spacing given in egs.
(2.44) and (2.45). These spacing can be determined experimentally by connecting the

triple-points

The dimension of the honeycomb cell can be related to the capacitances using (2.64), and

we can obtain

lqe| lqe|
AV, =—— AV, = — ,  (2.49)
g1 Cgl g2 ng
AV = = AV, — AV =2 = Ay, , (2.45)
917 CyeCyy B C " 9Tl 8

2.5. Principle of electron spin resonance (ESR)

ESR is a method to control electron spin with resonance between the electron spin
and electromagnetic waves. When a static magnetic field is applied to QDs, the electron
spin degeneracy in the QD is lifted and the electron absorbs or emits photons of energy

differences from micro wave. That is why ESR is occurred in the QD.

Separation of spin degeneracy level by a magnetic field
When configuring a magnet with magnetization Min a magnetic field with magnetic
flux density Fo, the magnetic energy e will be
e=—-M-B, , (2.46)
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= —MB, cosf

A 1is the angle formed by magnetization M and magnetic flux density 5. The electrons
have magnetic moment us complying with spin angular momentum, while they also
have magnetic moment g1, according to their orbital angular momentum in an atom and
a molecule. Since magnetization M is the summation of magnetic moment z that exists
in a unit volume, the energy of magnetic moment p can be calculated with M replaced
by z2in the equation (2.46).

Spin magnetic moment fig can be calculated with operator of electron spin angular
momentum § as follows:

Qs = —golpS , (2.47)

& 1s an invariable called g factor of an electron. Without relativistic corrections, g = 2,
and with relativistic corrections, ge = 2.0023193. s is called Bohr magneton, and is a
unit of magnetic moment of an electron. The size of uB is

_ eh
Hp = 2m,

(2.48)

=9.2740154 x 10724 Tt |
Thus, Hamiltonian Hgy indicating interaction between electron spin and a magnetic
field will be
Hgy = —gougs -+ By : (2.49)

Electron spin has spin quantum number s = 1/2, and spin magnetic quantum number
ms, which determines its component z, could take £1/2. Provided spin eigenfunction to
be |a)= |s=1/2, ms =+1/2), | ) = | s= 1/2, ms = -1/2), eigenvalue of these equations will
be +1/2, -1/2 (Please note that the unit here is #). Hence, when component z of spin

angular momentum operator interacts with |a),|B), we have

Sla) = <+%) &) | (2.50)

SIB) = (+%) By . 2.51)

Applying B of the component z of §, and B, the equation (2.48) can be read

Hsy = —getS;:Bo (2.52)
Based on the equation (2.49), (2.50), and (2.51), energy eigenvalue e in the above
equation (2.52) will be

gq = {a|Hsy|a)

1 , (2.53)
= (+ E) JelsBo
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& = (.3|ﬁ511|.3)

_ (_ %) By (2.54)

Therefore, energy splitting Ae caused by magnetic field B equals to

e = |eq — &g| = geltpBo : (2.55)
Suppose frequency of the absorbed ray (electromagnetic wave) to be v, we get

hv = g.ugB, . (2.56)
The equation (2.56) is called the Resonance Condition Equation. As mentioned in the
beginning, this only applies to free electrons, and the resonance condition equation

within a material will be more complex.

Selection rules of magnetic dipole transition
Electron spin transits between two levels, absorbing and releasing oscillating

magnetic field B (micro wave), which is shown in eq. (2.56). Now I will discuss the
selection rule of direction and transition of oscillating magnetic field. All the transition
is magnetic dipole transition regarding ESR. Hence, transition probability is calculated
with transition spin Hamiltonian of magnetic dipole transition

H = —p-By = —Byfig , (2.57)
u indicates all the magnetic moment including electron spin. pglshows the Bi
component of p. When beginning with |¢,), with the final state of |¢;), probability of
magnetic dipole transition is viewed as |(¢0|ﬁ1|¢1)|2 (squae of the transition moment).
We suppose here that the beginning and the final state to be |¢p,) = mg,m;) and
|¢1) = |mg, m;) respectively, including magnetic quantum number of nuclear spin. When
B1 and BO are orthogonal as in regular ESR set-ups, H; = —u - B; = —B;fig1 = JelpBiSy.
S means spin composed. Transition moment becomes as follows, on condition that
Byl x:

(ol Hi| 1)

= (mg, m,|ﬁ1|m§, mp)

= geHBB1(ms:m1|§x|m's:m;>

= gellBB1<ms|§x|m§><m1|m;> . (2.58)
Only when m§ = mg 4+ 1,m; = m;, the equation (2.58) becomes unequal to 0. B; 1L B,

also applies to this experiment.

Spin Hamiltonian
The equation (2.56) is only valid zn free electrons. Electrons, however, is subjected to

various interactions within a material. The equation can be established with spin
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component being perturbations, as in (2.59).

H=H,+H" , (2.59)
H' is the Hamiltonian of the spin component. Suppose that wave function without the
perturbations being |¥) = |Y,¥s) times trajectory component multiplied by spin
component, and the eigen energy being e,(lo). Under the premise, basic energy with
perturbation & and spin-type energy without trajectory component &s can be formulated

as follows, when we use as much as the secondary perturbation term.

& =& — séo)
_ (Wo | H' W N (Wu|H' o) : (2.60)
= (W,|H |q’o>_z ol |(0)n_ 1(10|) [#,
n=0 & T &

Formula (2.60) can also be written as (1/J5|ﬁ5|1/)5), when integrating the trajectory

component alone. As a result, the new Hamiltonian "HS can be calculated as follows:

~ ~ v, |A W, WY, |H |
Hs=<wLo|H’I%o)—z< o |(§)" i ﬁf,;' o) (2.61)
n=0 & T &
ﬁshﬁso) = &YPso . (2.62)

Here H, is called effective spin Hamiltonian. gso is spin wave function in the ground
state. Effective spin Hamiltonian takes in the wave function of the trajectory component
as an expectation value of location r and as an expectation value of angular momentum
L.

Overall Hamiltonian can be broken down into the equation (2.63))

H=Hy+He + Hys + Hoy + Hgs + Hyo + Hyp + Hpy + Hy + Hy (2.63)

H,, is Hamiltonian that can be calculated by adding kinetic energy of an electron to
Coulomb potential energy. H indicates, for instance, Coulomb potential from
neighboring atoms which surround the central atom.

H,, indicates exchange interaction. This appears when two unpaired electrons are
closed by. Even if electron 1 and electron 2 have changed places, it cannot be
distinguished from the earlier state. That is why the conditions before and after the
exchange appears to be degenerating. When we take the Coulomb interaction between
two electrons into account, the degeneracy disappears to be separated to 2 states. One of
them degenerates to 3 layers and the total of electron 1 and 2 is in the state 1 (triplet).
The other does not degenerate and the total spin comes to the state of 0 (singlet).
Energy of spin triplet will be smaller than that of the singlet. Apparently, exchange
Iinteraction can be handled as interaction between spin and spin.

H, =-2]S -5, , (2.64)
2J is the energy difference between singlet and triplet. H,s represents spin obit

interaction, H,, indicates Zeeman interaction of an electron, and Hgg is spin-spin
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interaction. Each of them can be found as in the followings:

Hs=-AL-$ , (2.65)
Hze = —pg(L + 9.5 - By) : (2.66)
ﬁ55=.§'D'.§ 5 (2.67)

D represents tensor. If we replace spin orbit interaction and Zeeman interaction with
spin Hamiltonian by regarding both interactions as perturbations, we get

upS-g-By+S$-D-S . (2.68)
Value g; which is proportional to magnetic flux density will become tensor g, bringing
anisotropy to Zeeman term, which corresponds to magnetic flux density B. Then, the
secondary term gets to have the same configuration as spin-spin interaction. $-D - S
will appear when S>1, and separates the levels without having an external magnetic
field. Specifically speaking, paramagnetic term unaffected by temperature change
exists. It, however, gives only little effect to spin energy, and will not be taken into
account here.

ﬁhf 1s called hyperfine interaction, or hf, which indicates interaction between

electron spin and nuclear spin. When put into spin Hamilton, it reads

Hyp=S-A-1 , (2.69)
on condition that

A= Agyp + Apl , (2.70)
A here is tensor and is called hyperfine coupling constant. A tensor can be divided into
anisotropic term Adgip and isotropic term Aol (1 = unit matrix). Anisotropic term Audip is
called dipolar term. Isotropic term Aol appears when the wave function spreads
through to nucleus location r= 0, namely, when ¥ # 0.

H,, represents nuclear Zeeman term, H, implies nuclear spin-nuclear spin

magnetic dipolar interaction, and ﬁQ 1s called nuclear quadruple interaction.
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Chapter 3: Experimental Techniques

Abstract

In this chapter, equipment and process conditions for device fabrication are
introduced. Cleanliness of the equipment and the order of the process have a huge effect
to the electron transport characteristics of the QDs device in semiconductor

nanofabrication, especially in silicon.
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3.1. Introduction

Fabrication of nano-scale Silicon devices is complicated process. The major steps in
the fabrication of Silicon QDs devices are thermal oxidation, lithography, dry etching,
insulator and top gate deposition, ion implantation and metal deposition. The
fabrication process of devices is adjusted and modified for different purposes. In this
chapter, the details for device fabrication will be described in each section concerning

each different experimental purpose.

3.2. Device fabrication techniques

3.2.1.Substrate cleaning

Substrate cleaning is one of most important process for silicon devices. If dusts ore
contamimations are remaind in the sample, the silicon device process will not exactly
works. Therefore, the first process is always wafer cleaning. The wafer cleaning process
is described below.

1. Ultrasonication in pure water to remove large dusts and particles (1 min)

H2SO4 : H202 =1: 1 (SPM 1:1) to remove organic contamination (120 °C, 10 min)
Pure water flowing to remove SPM 1:1 (5 min)

NHs : H202 : H2O =1:5: 27 (SC1) to remove Silicon particle with slow wet etching
(150 °C, 10 min)

Pure water flowing to remove SC1 (5 min)

1.5 % HF to remove surface SiO2 (3 min)

L

Pure water flowing to remove HF (30 s)
HCIL: H202:H20=1:1:5(SC2) to remove metal contaminatins (150 °C, 10 min)

R S

Pure water flowing to remove SC2 (5 min)
Ratio of SPM 1:1 is changed 3:1 when photo or electron beam resist is remained on the
surface and SC1 and its rense processes are skipped when the cleaning is not after

initial wafer cut because SC1 etchs the sample surface slowly.

3.2.2.Thermal oxidation

During the thermal process, thermal uniformity is important to obtain good
reproducibility and good uniformity to each sample. Figure 3.1 shows the schematic
image of thermal oxidation furnace. To get uniform temperature distribution, this
furnace is separated to three zones. Each zone has a heater controlled by the thermo

controller depending on the temperature measured by each thermo couple. The
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sample are put on the quartz plate vertically and loaded into the furnace. By this
equipment, N2 and O2 gases are available. In this study, O2 gas is used for oxidation,

and N2 gas is used for drive in and recrystallization.

Heater

0000

N,, O, gas r Sample
\ Quartz boat

O O O © AQuartzfurnace

Fig. 3.1: schematics of thermal oxidation furnace

Figure 3.2 shows the thermal oxidation system. The clean level of the furnace is also
important to make clean Silicon dioxide without contamination. Once contamination
(expecially metal) is heated in the furnace, the contamination diffuses to the furnace
from the sample or quartz boat, and then, all samples after that will be affected the
contamination. Therefore, the thermal oxidation process shold be operated carefully and

be checked the furnace is kept clean.

Fig. 3.2: Image of the thermal oxication system
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3.2.3.Electron beam lithography (EBL)
3.2.3.1. Introduction

Electron beam lithography (EBL) provides a mean to reduce image resolution below
100 nm by using accelerated electrons instead of photons. Electron, like photon, has
particle and wave properties. When electrons accelerate, the wave length is acquired by
the electron can be approximated by [51]

-= (3.1
where A is in nm and V is the accelerating voltage in Volts. Hence, for electrons
accelerated at 50 kV the equivalent wavelength will be 0.0055 nm, several orders of
magnitude smaller than that of wavelength of ultraviolet light. Moreover accelerated
electrons can be focused to a spot size of few nm in diameter and easily deflected by
electrostatic or electromagnetic fields. For these regions accelerated electron beams are
widely used for sub-micron imaging such as scanning electron microscopy and
transmission electron microscopy. EBL is very similar to the scanning electron
microscopy. Scanning electron microscopy is to observe some images. On the other hand,
EBL system is to write some images in the resist layer. The advantage of EBL is the
achievement of minimum feature size of < 10 nm and a pattern positioning accuracy of <
50 nm. However, due to its low throughput this system cannot use in large-scale device

fabrication with the highest its resolution.

3.2.3.2. Electron beam exposure system: JBX-6300

The electron beam exposure system is one of most important fabrication equipment
to form Silicon DQD. Table 3.1 shows main spec of JBX-6300. Because of small beam
size and high field position accuracy, < 10nm pattern can be drown. Figure 3.3 shows an
image of JBX-6300 and Fig. 3.4 shows schematic of the optics system. Many parameters

are optimized for best performance.

Table 3.1: Main spec of JBX-6300

Electron gun ZrO/W
Accelerate voltage 25 kV /50kV /100 kV
Beam current 30 pA~ 20 nA
Beam size >8nm/>5nm/>2nm
Field position accuracy 0.6 nm
Drawing area 150 mm X 150 mm
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Electron gun
1%t anod

2n 3node

Acceleration electrode

GND anode

1 aligner

2" upper aligner
U%peepblan!ggr

2" lower aligner

Blanking aperture
Lower blanker

2m |ans

31 Jens
DF compensator

314 aligner

Objective aperture

DS compensator

4™ lens sub deflector
Electromagnet stigmator

4™ gbjective lens
4™ leris main deflector

5t lens sub deflector

5th objective lens
5% lens main deflector

Fig. 3.4: Optics system of JBX-6300
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3.2.3.3. Proximity effect

Unlike optical lithography, in case of electron beam lithography the minimum
feature size is not limited by diffraction limit. However, there are other parameters
which restrict the resolution of EBL, notably forward scattering of electrons in the
resist layer and back scattering of electrons from substrate. Fig. 3.4 shows the
schematic image of forward scattering and back scattering when electron beam 1is
traveled through the resist layer by collisions with different atoms in the resist layer.
An elastic collision causes electron to deviate from their incident direction, while
inelastic collisions results in loss of electron energy. Electron beam broaden after touch
to one point on resist layer. This effect is called forward scattering. On the other hand,
some electrons are scattered of over ninety degree in resist or substrate layer and then
go back to the direction to return. This effect is called back scattering. The forward
scattering is negligible for thin resist layer (100 nm) at higher acceleration voltages (50
keV). However, at high beam voltages the range of secondary electrons varies from few
microns to few tens of microns. It is important to use high voltage energy beam and thin

resist layer for reduction of the effect of forward scattering and back scattering.

Electron beam

Forward scattering >§ / Resist

Substrate

Back scattermg

Fig. 3.5: schematic of proximity effect
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3.2.4.Dry etching
Dry etching is also importatnt fabrication process for lithographically-defined QDs

devices. There are kinds of dry etching, however we explain only reactive ion etching
(RIE) which is used for this work. RIE equipment etchs Silicon anisotropically and has
good etching ratio of resist and Silicon, then nano-scale pattern can be formd.

To etch anisotropically, we use Clz and SFs gases are used. The RIE system with Clg
is in charge of Tsutsui Lab.. Clz gas emits volatile by-product, and then, surface cleaning
such as Oz ashing is not necessary after etching. However, many materials included in
metals are etched by other labratories with the RIE, the anisotoropy is not stable. The
instability may cause fluctuation of the QDs pattern. On the other, SF¢ gas emits
non-volatile by-product with Silicon etching, then O2 ashing is necessary to remove it.
However, the RIE equipment is used only for Silicon etching, the ratio and anisotropy is
probably stable. Figure 3.5 shows one of RIE system which is in charge of Misumoto
Lab..

Fig. 3.6: Image of RIE system with SFs gas
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3.2.5.Metal deposition
3.2.5.1. Introduction

Metal deposition for devices was performed by mask lift-off process. In this process a
resist mask is dissolved in some adequate solvent (acetone was used in this work). As a
result the metal on top of the resist mask gets lifted off. Lift-off was used for fabrication
of electrode.

The resist mask was prepared by EBL or photolithography. The thicknesses of
metals are 90 nm - 300 nm. To make sure of the success of lift off process, the thickness
of metal should be less than 50 percentage of the thickness of the resist. After metal

deposition samples were kept in acetone to perform lift-off.

3.2.5.2. Electron beam (EB) evaporator

There are two kinds of equipment can be used for metal materials deposition. One is
thermal evaporator, which are used for deposition of metallic thin film for electrodes.
The thermal evaporator is easy to deposit Aluminum, however it is not best system to
deposit fine metal pattern because of a distortion of the resist by high temperature from
the source. The other one is EB evaporator, which is used to deposit many kinds of
metals, such as Al, Co, Au and other refractory metals under a very high vacuum
condition. The equipment usually has thickness monitors. In addition, more than two
kinds of metals such as Co and Au can be deposited subsequently without load sample
out from the vacuum chamber. The deposition rate highly depends on the values of
current. EB gun for evaporation has different shape from the standard EB gun. To keep
away from evaporated material flow, EB is emitted from below the hearth and passes
through the magnetic field. This EB is bended to the hearth by magnetic field and hits
to the source materials on the hearth. The source materials are heated and evaporated
by this EB.

Figures 3.7 and 3.8 show the image and schematic of the EB evaporator. In this
equipment, load lock chamber is attached on the evaporation chamber separated by
gate valve. The pumps of the load lock chamber are turbo molecular pump (TMP) and
rotary pump (RP). Evaporation chamber is vacuumed by another TMP and another RP
and ultimate vacuum is about 1 x 10-6 Pa. Three kinds of materials can be set on the
hearth liner with this EB gun, and the target materials are heated by electron beam
emitted by EB gun (CANON ANELVA Corp., Co., LTD., XTM/2) attached around the
sample holder. This thickness monitor is quartz transducer type monitor using
MODELOCKTM method, and its operating temperature limit is 0-50 °C. The substrate
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and the source materials are separated by the shutter. Therefore, we can evaporate

desired thick metals by using both thickness monitor and the shutter.

Fig. 3.7: Image of EB evaporator
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Fig. 3.8: vacuum system of EB evaporator
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3.2.6.Scanning electron microscopy (SEM)

A scanning electron microscopy (SEM) is a type of electron microscope that images a
sample by scanning it with a high-energy beam of electrons in a raster scan pattern.
The electrons interact with the atoms that make up the sample producing signals that
contain information about the sample’s surface topography, composition, and other
properties such as electrical conductivity.

The SEM (HITACHI. Inc., S-5000, S-4500) is used for observation of the shape of
electrode pattern, Silicon QDs, ferromagnets and misalignment of those. In charge of
S-5000 is Oda laboratory, and in charge of S-4500 is Mizumoto laboratory. In the case of
S-5000, the sample should be cut to because max size of sample holder is small less than
1 cm X 1 em. On the other hands, maximum sample size is 2 cm X 2 c¢cm for S-4500.
Therefore, we should use S-4500 during our fabrication process. Figure 3.9 shows the
image of S-4500. The accelerate voltage of electron is very high, then we should take
care the sample especially using photo or electron beam resist. With the voltage is high
and magnification is high, the high energy electrons break the shape of the resist and
deposit many hydro-carbon contamination. Therefore, we set the voltage as 10 or 15 keV

when observe the sample.

Figure 3.9 Image of S-4500
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3.3. Device fabrication process

Silicon QDs devices are fabricated by following condition (Table 3.2). Schematics of

the device after fabrication processes *1~*5 are shown in Fig. 3.10-14.

Table 3.2: Fabrication process of the Si QDs device

SOI

substrate

SOI layer thickness

100 nm or 200 nm

Buried oxide (BOX) layer thickness

200 nm or 380 nm

Thinning *1

Temperature 1100 °C
Thinned SOI thickness ~40 nm
Passivation
Temperature 900 °C
Duration 5 min
EB resist coating
Resist ZEP 520A : ZEP A= 1:3 with Ceo

Spin coating

1000/ 3000 rpm, 5/ 60 s

Pre beak 180 °C, 10 min by oven

EB exposure
Dose quantity ~490 puC

Development
Developer MIBK:IPA=1:1
Duration time 90 s
Rinse TPA
Duration time 30 s

Dry etching
Gas Cle SFs
Micro wave power 50 W 20 W
Duration time ~60 s ~88 s
Oz ashing Not used 15s

Resist removal *2

Remover SPM 3:1
Duration 15 min ~30 min, 120 °C

Gate oxidation *3
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Temperature 1000 °C
Duration Varied
S102 deposition
Thickness ~50 nm by Hiramoto Lab. In Tokyo Univ.
Poly-Si deposition *4
Gas Si2He 0.3 scem, PHs 7 scem
Temperature 500 °C
Duration time 40 min 8 min
Thickness ~200 nm ~ 50 nm
Photo resist coating
Resist HMDS and S1818

Spin coating

1000 /2000 rpm, 5/30 s
and 1000/ 3000 rpm, 5 /60 s

Pre beak Not used and 1 min by hot plate
Photolithography
Mask Metal mask
Dose quantity ~100 mdJ
Development
Developer MF320
Duration time 90 s

Rinse

Pure water

Duration time

30 s

Poly-Si etching by plasma etcher

Gas

CF4 and O2

Duration time

1~ 2 min

Ton implantation

Acceleration voltage Varied
Dose quantity 1 x 10/ cm3
Source PH3
Resist removal *5
Remover SPM 3:1
Duration 15 min ~30 min, 120 °C
Drive in and recrystallization
Temperature 1000 °C
Duration time 20 min
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Photo resist coating

Resist

HMDS and S1818

Spin coating

1000/ 2000 rpm, 5/30 s
and 1000 / 3000 rpm, 5 /60 s

Pre beak Not used and 1 min by hot plate
Photolithography
Mask Metal mask
Dose quantity ~130 mdJ
Development
Hardener Dichlorobenzene
Duration time 2 min 15 s
Developer MF320
Duration time 90 s

Rinse

Pure water

Duration time

30 s

Metal deposition

Metal Aluminum
Thickness ~ 300 nm
Lift off

Solution Acetone
Duration time ~ half day

Forming gas anneal
Gas Ne:H2=95:5
Temperature 400 °C
Duration time 20 min
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Fig. 3.10: schematic of the device after thinning process

Fig. 3.11: schematic of the device after resist removal of dry etching
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Fig. 3.12: schematic of the device after gate oxidation

Fig. 3.13: schematic of the device after poly-Si depostion
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Fig. 3.14: schematic of the device after resist removal of ion implantation
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Chapter 4: Analysis of Charge Modulation in Si DQD

Abstract

In this chapter, we have calculated the electron states in Si DQD device. Electrons
are confined near the upper interface in the SOI layer by a top gate and side gates
voltages. Charge density at 4 Kin DQDs is evaluated using the experimental data of the
temperature dependence of the density in a MOS) transistor at 100 K and 4 K. With
optimum side gates bias, electrons are confined in QDs and a coupling between QDs is
controlled in a few-electron regime. We have also proposed that a charge sensor is
required to read out the few-electron regime because no current flows in the DQD

device.
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4.1. Introduction

In this chapter, we study a DQD device where a few-electron regime can be achieved
using a device simulator with a classical model. In a few-electron regime, a coupling
between QDs is modified by side gate voltages. We propose a DQD device structure
integrated with a charge sensor to read electron states in a few-electron regime where

drain current is too small to measure.

100 nm

poly-Si
Si0,
SOI

BOX

. — Substrate
SOI Thickness:30nm

Fig. 4.1(a): Device model used for simulation. Si DQDs and side gates (G1, G2, and G3)
are covered with deposited SiOz and BOX. The top gate, which is formed after the SiO2
deposition, is shown as a red transparent rectangle. (b) SEM image of Si DQD device
after dry-etching of SOI layer. The Si QDs are schematically indicated by ovals. (c)
Cross-section of device structures along the line A in (a). The thicknesses of the poly-Si,
Si0z2, SOI, and BOX are 200, 125, 30, and 200 nm, respectively.

4.2. Simulation method

We used a device simulator “ATLAS” from Silvaco Inc. to calculate electrical
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potentials in the Si DQD device as shown in Fig. 4.1(a) [52]. The device simulator
solves Poisson equation to calculate electrical potentials and electron concentrations.
We used an incomplete ionization model for calculation of electron concentrations at a
temperature higher than 100 K [53]. In order to estimate a surface charge density of
QDs at 4 K, we used a simulation result at 100 K and measurement results of a
metal-oxide-semiconductor (MOS) transistor at 100 K and 4 K.

The side gates and DQD regions are formed with thermal oxidation after fabricating
the structure with EBL and dry etching. Figure 4.1(b) shows a SEM image of the device
before deposition of the top gate. The Si DQD is schematically indicated by ovals. The
dotted lines in Fig. 4.1(a) are boundaries between the SiO2 formed with thermal
oxidation and that deposited with low-pressure chemical vapor deposition (CVD). The
potential barriers are formed at constricted regions, which are made less than 10 nm
wide. Figure 4.1(c) shows a cross-section of the device structure along line A in Fig.
4.1(a). The thicknesses of the SOI layer and BOX are 30 nm and 200 nm, respectively.

A top gate layer, deposited after thermal oxidation and CVD SiOs formation, is made
of heavily doped poly-Si, and used to induce a 2DEG at the Si/SiO2 interface, much like
a gate layer of a MOS transistor. The side gates are used for controlling the potential of
each QD and modifying the tunneling rates through potential barriers. Figure 4.2
shows the electrical potential distribution of the upper interface in the SOI layer when
voltages are applied to the top gate (Vi) and the side gates (Vaz, Vi and Vas). The
bottom curve indicates the potential along the line B, which shows two local minimums

between the constrictions, leading to the formation of two QDs.

Potential
[meV]

meV]
we

[

Potential

100 150 200
Length [nm]

Fig. 4.2: Distribution of electrical potential in the region of QDs when Vi= 2 V, Vgi=
Ve=-1.5V, and Vgz= 0 V. The bottom curve indicates the potential along the line B.

48



Chapter 4: Analysis of Charge Modulation in S1 DQD

4.3. Results and discussion

A few-electron regime in QDs confined into a thin layer is required for the goal of
spin manipulation. First, Vi dependence on the thickness of QDs at 100 K is studied.
Electrons are induced with positive Vi [Figs. 4.3(a) and 4.3(b)]. When Vi is lower than

1V, electron concentration is too low.

Electron
Concentration
[cm™]

1020

Fig. 4.3. Top views and cross-sections of the electron concentration in DQD part of
device at 100K. The numbers of electrons are calculated by integration of the electron
concentration in a QD. (a) Vi = 1.0 V and Ve = Vaz= Vgz=0 V. Electrons are strongly
induced especially near the upper interface in the SOI layer. (b) Vie= 2.0V, Vo= Vaz=
Ves= 0 V. Electron concentrations are higher than those in (a) in the whole SOI layer.
(¢) Vie= 1.0V, Ve = Vgz=-0.6 V and Vgz= 0 V. There is one electron in each QD.
Electron concentration is spread widely, which forms the thick QDs. (d) Vie=2.0V, Va:
= Vgz=-2.4V, Vgz=0 V. There are two electrons confined in each QD.

Therefore, DQDs cannot be formed even when Ve: = Vgz= Vs = 0. With a high Vi,
the electron concentration becomes high, especially near the upper interface in the SOI
layer. Thus, the thickness of QDs is varied by controlling Vi, Vi, Vs, and Ves while
the few-electron regime is maintained [Figs. 4.3(c) and 4,3(d)]. Here the definition of the
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Thickness of QDs [nml]
e e 1 T . S~ T %
O 0O th O L O O

Ve [V]

Fig. 4.4: Vi; dependence of the thicknesses of QDs.

thickness of QDs is the depth of the region with the electron concentration higher than
104 ¢cm3 on the far side from side gates (indicated by arrows). Figure 4.4 shows Vi
dependence on the thickness of the QDs in the few-electron regime. Here the regions
with electron concentrations less than 104 cm™ are ignored when we estimate the
thickness. Vi dependence of the thickness is small when Vi is higher than 2 V, where
electron concentration is too high to achieve a few-electron regime. Therefore in later
discussion, Vi is fixed at 2 V.

When we consider the number of electrons in QDs, temperature becomes important.

Potential distributions depend on temperature [Figs. 4.5(a) and 4.5(b)].

Potential [meV]

B >°°
—
———
S  -125
== -600

Fig. 4.5: Top views and cross-sections of potential distribution in QDs. Here V=2V,
Vei= Ve=-1.5V, and Ve= 0 V. Temperatures are 200 (a), and 100 K (b), respectively.
Electrical potential of lower right region at 100 K (b) is higher than that at 200 K (a).
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However, it becomes more difficult to get convergence as the temperature drops,

especially below 10 K. Intrinsic carrier concentration n is given by:

Nie = 1/NchFf/2 (;_if). (4.1)

Here Nc and Nv are the effective density of states for electrons and holes, Fi2(x) is
the Fermi-Dirac integral of order 1/2, Egis the band-gap energy of Si, &k is Boltzmann’s
constant and 7% 1is a lattice temperature. By decreasing 7%, ni also decreases drastically.
Therefore nie and surface charge density, MNs, at ultra-low temperature cannot be
calculated using only the simulator.

In this chapter, the number of electrons in the DQD device at 4 K is estimated by
experimental data of Ms in an MOS transistor. Figure 4.6 shows the temperature
dependence of Ns of the MOS transistor based on simulation and measurement. With
gate oxide thickness of 6 nm, N5 is calculated by a split C-V method using V= 150 mV.
The incomplete ionized model is used to account for impurity freeze-out at low
temperature [53]. However, it cannot explain the reason why Ns of the measurement

result is drastically reduced less than 20 K.
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Fig. 4.6: Temperature dependences of Ns in MOS transistor obtained by simulation
(indicated by square), and by measurement (indicated by circle), respectively. The
difference in MNs between simulation and measurement is within + 10% when the

temperature is higher than 50K.
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Fig. 4.7: Top gate voltage dependences on Ns of MOS transistor measured at 4 K
(indicated by circle), and at 100 K (indicated by square), respectively.

The top gate voltage dependences on Ns of MOS transistor measured at 100 K and 4
K are shown in Fig. 4.7. Since the DQD device structure has a top gate electrode to
induce electrons and multiple side gate electrodes to create local depletion regions,
distribution of electrical potentials are different from simple MOS transistor case.
However, in order to estimate Ns and number of electrons in QDs, a region near the
upper interface of SOI layer is dominant. Therefore, we can estimate Ns of QDs at 4 K
using experimental data of the MOS transistor [Fig. 4.7].

By using the method, few-electron DQDs at 4 K are formed with optimized side gate
voltages as shown in Figs. 4.8(a) and 4.8(b). When Vi= 2V and Vai= Va= Vis=-1V, the
number of electrons in each QD becomes one [Fig. 4.8(a)]. In this condition, the coupling
between the QDs is very weak because there are no electrons in the center constriction.
On the other hand, the inter-dot coupling becomes strong when Ve:= Vgs=-1.5 V and
Vaz= 0 V [Fig. 4.8(b)]. In this device we can form few-electron DQDs and modulate

inter-dot coupling by changing side gates voltages.
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Fig. 4.8. Distribution of Ns in few-electron DQDs. (a): Weakly coupled DQD. (Viz=2.0V,
Var= Vas=-1V, Vaz=-1.3V). (b): Strongly coupled DQD. (V;e=2.0V, Va:= Vazs=-15V,

Vez= 0 V). In both cases, there is a single electron in each QD.

However, there are no electrons in the constrictions between two QDs [Fig. 4.8(a)] or
between a QD and a lead [Fig. 4.8(b)]l. As a result, it is difficult to obtain the
source-drain current /s through the DQD in these conditions. Therefore, a charge sensor,
such as a single-electron transistor (SET) integrated near the DQD, is required to
monitor electron states in a few-electron regime, instead of measuring 7z [54]. Figure 4.9
shows an SEM image of the structure fabricated with EBL and dry etching. The upper
side of the structure, consisting of a DQD and gates, is the same as the model used for
the device simulation. An SET was integrated in the vicinity of the DQD. By measuring

the current through the SET, electron states in a few-electron regime can be observed.

53



Chapter 4: Analysis of Charge Modulation in Si DQD

Fig 4.9. SEM image of DQD device integrated with SET as CS. The DQD and CS are
schematically indicated by circles. The electron states in the DQD can be read out using
an SET.

4.4. Conclusions

In this chapter, we calculated the electron concentration in a DQD device at 100 K
using a device simulator within a classical regime. The profile of the surface charge
density in the DQD device at low temperature was obtained using the experimental
data of the MOS transistor. The DQDs in a few-electron regime at 4 K were formed by
controlling the top gate and the three side gate voltages. The coupling between two QDs
was modulated by the side gate voltages while the number of electrons in QDs was kept
constant. We proposed the device structure integrated with an SET as a CS for

monitoring charge states in few-electron DQDs.
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Chapter 5: Detection of Single Electron Transport in

various Si DQD Structures

Abstract
In this chapter, DQDs device with the CS to readout electron position, which is used
to also detect electron spin, are fabricated and its transport characteristics are analyzed.

Device structures to obtain high tunnel rate through the QDs are also discussed.
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5.1. Introduction

In previous chapter, the electron density at the constriction by the effect of the
applied gate bias to achieve few-electron regime with the calculated DQD device. The
low density means high and/or thick potential barrier at each constriction. Therefore,
the tunnel rate of electron from the source electrode to the drain electrode will becomes
low, and it is difficult to observe the source-drain current in real device. In this chapter,
the charge sensor to measure the electron transport in the DQD without the DQD
current is integrated to the DQD, and the characteristics of the transport of the DQD
and CS are shown. In order to keep high tunnel rate, the position of the constrictions,
gate electrodes, and the sensor of the device structure is optimized.

Electrons are confined at near the interface of SOI and the gate oxide layer when the
electrons are induced by the top gate bias. The confined electrons at the upper interface
tend to be affected by the defects of the interface of the thermal oxidation and the edge
shape of the DQD formed by dry etching. In this chapter, the DQD is also formed at the
bottom interface of SOI and BOX layer by the back gate bias, and its electron transport

1s measured.

5.2. Charge sensing of DQD

Fig. 5.1: SEM image of DQD with SET as a CS
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As above discussion, the DQD device structure which is integrated with a CS is
fabricated. Fabrication process is not changed but different EB pattern is drawn before
dry etching. The CS works as a SET with Coulomb oscillation in fics- Gcs characteristics.
The DQD is capacitively coupled to the close CS as well as other gate electrodes. The
electric field from the DQD to the CS depends on the number of electrons in the DQD,
and then, the gate voltage from the DQD is changed rapidly when the number of
electron is changed [Fig. 5.2(a)l. When the gate bias coupled to both the DQD and CS is
swept, a smooth Coulomb oscillation and kinks in the result of Ics [Fig. 5.2(b)] because
of the another gate, the DQD.

>
- +
Ve

Fig. 5.2: Schematics of Ics- V. (a) Before (dashed line) and after (solid line) of changing
the number of electron in capacitively-coulpled DQD. (b) Measured current when The

number of electrons are changed in sweeping V%.
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Figure 5.3 shows /pqp,cs- Va characteristics of the DQD device with sweeping Vi of
the DQD device of Fig. 5.1. The position of the Coulomb peaks of Zipgp is the same as
that of the kinks in the Coulomb oscillation of Zics. Because the number of electrons of
the DQD is stable in the region between each Coulomb peak, the kinks are the signal of
the single-electron transition in the DQD. Furthermore, the kinks are obtained in whole
region of Jacs with large value ~ 1 nA, while the Coulomb peaks of the Jipgp are not
observed in the left side in Fig. 5.3. This means that the number of electrons of the DQD
is changed, however, Coulomb peaks are not observed because of too low tunnel rate

between the source and drain.

50 iy 1
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Fig. 5.3: lapqp,acs- Va1 characteristics of the device of Fig. 5.1. Positions of the Coulomb

peaks of lingp and kinks of Zics which are charge sensing signals. The kinks are clearly

observed whole region of Jacs when Zipgp = 0 A.

58



Chapter 5:Detection of Single Electron Transport in various Si DQD Structures

Figure 5.4 shows the charge stability diagrams of the DQD and CS with sweeping Va
and Vgr. The distinctive honeycomb structure of the DQD is observed in the diagram of
the DQD [Fig. 5.4 (a)]. There is no current in the left side of Fig. 5.4 (a), then it looks the
characteristics of the few-electron regime. In the diagram of the CS, in addition to thick
stripes colored by blue, white and red in whole regime, the honeycomb structure, whose
shape is completely the same as that of the DQD [Fig. 5.4 (a)], is clearly shown. The
observed honeycomb structure is the result of reading out of the single-electron
transition of the DQD, and the honeycomb is also observed in the region of Vi< 0.3 V.

Therefore, as the discussion in the chapter 4, the observation of the few-electron
regime with only the direct current through the DQD is the challenge. However, the
relative change of the number of electrons in each QD is now read out by the integration
of the CS. In addition to that, the number of the electron in each QD is stable in the
region surrounded by one Honeycomb. From these results, the technique to control the
position of the single electron in the DQD by the gate biases and the integrated CS is
developed. This technique is also useful to read out the electron-spin information from
the DQD system.
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(a)

Fig. 5.4: (a) Charge stability diagram of the DQD with Vig = 5.55 V and Vig = 0 V.
Honeycomb structure is clearly observed at right side, but no signal at left side. (b)
Differential conductance of the integrated CS. The same honeycomb structure as that of
the DQD is observed in whole region. Each honeycomb line shows that single electron

escapes/enters from/to the DQD.
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5.3. DQD formed by back gate bias

To reduce the number of electrons in the QDs, good quality QDs formation is also an
important technology. Impurities and defects in Si crystal or the oxide layer of the QDs
vicinity form a trap, which give negative effects such as a shot noise or an unintentional
QD formation. Therefore, we form the DQD by the inducing the electrons with positive
Vhg and Vig = 0 V in the same device of Fig. 5.4 [Fig. 5.5].

[DQD [pA]

(@) o 1.5

-8.20

Fig. 5.5 Charge stability diagram of the same device as that of Fig. 5.4 with Vg =0V
and Vig = 4.5 V. (a) The electrons forms DQD and clear honeycomb structure is observed.
(b) Differential conductance of CS. Sensing lines are fluctuated at left side because of

low tunnel rate though the DQD.
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The induced electrons are confined near the clean interface of SOI-BOX layer. The DQD
which is formed by Vg may have less the additional dots and potential barriers than
that formed by Vis. On the other hand, the sensing lines of the CS are unclear and
unstable in the region of V. <- 0.5V [Fig. 5.5 (b)]. The fluctuated lines means that any
potential barrier of the DQD becomes thick by the high negative Vgr, and then,
tunneling rate of the electrons is lowered significantly. Therefore, the timing of the
single-electron transition in the DQD is shifted. From these results, the only DQD
formed by Vhg does not solve the problem of the controlling the height of the potential

barrier for the electron number reduction.

5.4. Modification of constrictions and gate electrodes

positions

When the high biases are applied for the electron number reduction of the DQD, the
potential barriers become high, then tunneling rates become low because the gate
electrodes are coupled to the constrictions as well as the QDs. /bgp cannot be observed
with the low tunneling rate, but when the tunneling rate is further decreased, the DQD
is isolated from the lead completely, which means no more electrons are excluded. We
fabricate the DQD device with changing the positions of the constrictions to maintain
the large tunneling rate of the DQD [Fig. 5.6 (a)]. The capacitance of the gate electrodes
and the constrictions between the leads and QDs are reduced by the gate electrodes
away from the constrictions. However, since the tunnel coupling of left and right QDs is
preferred to be adjusted, the Gc is placed near the center constriction. Figure 5.6 (b)
shows the charge stability diagram of the DQD. /bqp flows even with high negative Va
and Vg, which means the tunneling rates of the DQD is kept high in Fig. 5.6 (b).
However, even in this structure, the specific characteristics of the few-electron regime
are not observed. One reason of that is considered as that the gate electrodes are not
still close enough to the QDs and/or that the size of the QD is not small enough. Because
of the limit of our fabrication techniques, the closer gate electrodes and more reduction

of the QDs size with this shape is a big challenge.
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Fig. 5.6: (a) SEM image of the DQD with modification of constrictions between dot-lead.

Gl and Gr become far from the constriction to avoid pinch off the potential barriers. (b)

Charge stability diagram of the DQD. Triple points are clearly observed in whole region.
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5.5. Modifications of charge sensor and gate electrodes

positions

SDQD

Fig.5.7: (a)SEM image of small DQD device. The QDs size is 35 X 26 nm2 measured from
scale bar. The position of Gl, Gr and CS is changed to change the QDs potential
effectively without pinch off. (b) Differential conductance of the CS. Honeycomb
structure is detected, however, the signal of the transition in right QD is weaker than
that of left QD.
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For the closer gate electrodes and smaller DQD, the device whose positions of the
gate electrodes and charge sensor are changed is fabricated [Fig. 5.7 (a)l. The DQD
device is fabricated without depositing the top gate electrodes for the simple fabrication
and Gl and Gr, which modulates the potential of the QDs, are positioned the small DQD
vicinity. Figure 5.7 (b) shows the charge stability diagram of the CS. The single-electron
transition in the DQD is successfully read out as before devices. The sensing signal from
the right QD is small and unclear because the right QD is away from the CS, which
means the capacitance becomes low. From these results, we succeeded in controlling the
number of electrons in the reduced size DQD. However, few-electron regime is not
observed because of the low tunneling rate again. Because the DQD size is approaching
the limit of the dry etching and EBL techniques for fabricating the device with high
reproducibility, the fine modulation of the structure is challenging. Therefore, other
ways than the reduction of the QDs size should be considered to reduce the number of
electrons of the DQD.

5.6. Conclusions

In this chapter, we demonstrate the reading out of the electron number change of the
DQD by the current through the CS integrated next the DQD. This technique is used to
measure the single-electron position in the DQD and even the spin information in the
DQD in the future. We also demonstrate the formation of the DQD by applying Vig
instead of Vig. The device structure is one of the promising structures to form the DQD
without any additional dot because of the clean interface of the SOI-BOX layer. The
DQD without the top gate electrode is also fabricated its charge stability diagram is
measured. The device structure is feasible to integrate other structures on the DQD
such a magnetic or metal materials for the ESR and DQD integration; We also succeed
in the fabrication of the small DQD with changing the constrictions, CS and gate
electrode positions. However, few-electron regime is not observed with either device
mainly because of the low tunnel rate.

Toward few-electron regime of the DQD which is originally targeted, the structure
for excluding the electrons while maintaining high tunneling rate is required. Another
problem is difficulty to detect the change in the number of electrons in the QDs apart.
Therefore, we have to develop the technique to reduce the number of electrons by not
only the QDs size reduction. We also note that the structure tends to be unstable from
the environmental fluctuations because of no electromagnetic shielding by the top gate

electrode.
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Appendix: Electron temperature in QDs

To obtain the long coherence time of the charge and spin qubit using QDs, "electron
temperature", which is the temperature of the electron in the QD, should be low. The
presence probability of the electron is distributed in the levels of two or more at the
same time when the energy level spacing of the QD is smaller than the thermal energy
of electrons. Therefore, the high electron temperature becomes a major factor of the
decoherence in the charge qubits. In the spin qubit, since the transition between the
levels is limited not only by the energy level spacing but also the spin degree of freedom,
the effect of the decoherence from the high electron temperature is small. However, the
decoherence would occur indirectly by the effects such as the electron spin flip due to
the spin-orbit interaction. Therefore, the measurement of the electron temperature in
our QDs device is important for both the charge and spin qubits.

In this appendix, we measured the electron temperature of the QD by using the
relationship of the Coulomb peak width and set temperature by the cryostat. Figure 5.8

shows a schematic of electron transport in the SET at the absolute zero and finite

temperature.
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Fig. 5.8: energy diagram and Ics-V; of CS at (a) T =0 K and (b) T > 0 K. Because of
fluctuation by thermal energy, Coulomb peak becomes broad at T > 0 K.
When V; =0 V at 0 K, &er flows only when the potential of the SET is the same as the
Fermi energy of the leads and Coulomb peak becomes A function dependent on V; [Fig.
5.8 (a)]. At finite temperature, /ser flows in the region where the broaden level of the
SET by the thermal energy is matched with Fermi energy of the leads [Fig. 5.8 (b)].
Therefore, the QDs device cooling by cryostat, the electron temperature does not always
fall to the set temperature due to the coupling with the environment and electrons in
the leads [55].

Figure 5.9 shows Coulomb peak with the base temperature from 0.3 K to 0.7 K by
using the device of Fig. 5.1 [Fig. 5.9]. For clarity, an offset is given to each trace.

35

30

0.7K

0.65K

0.6K
—0.55K
—0.5K
—0.45K
—0.4K
—0.35K
—0.3K

0.28 0.285 0.29 0.295 0.3 0.305
Vs [V]

Fig. 5.9: Ics- Vies characteristics with various base temperatures. The traces are given

an offset for clarity. The Coulomb peak broadens with temperature increasing.
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Fig. 5.10: Full width at half maximum (FWHM) versus base temperature to read out the

temperature dependence of Coulomb peak. FWHM is increased over ~ 480 mK.

Figure 5.10 shows the full width at half maximum (FWHM) of the Coulomb peak at
each base temperature. FWHM is increased at the temperature higher than ~ 480 mK,
which means that the lowest electron temperature is 480mK. This measurement cannot
be applied to the DQD because the shape of the current is strongly affected by the
coupling strength. However, the electron temperature will be also the same, ~ 500mK
because the coupling to the environment of the DQD may be approximately the same as
the CS. The temperature is about the same as another Si QD, therefore, the value is

reasonable [56].
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Chapter 6: Dual Function of Charge Sensor: Charge

Sensing and Gating

Abstract

In this chapter, we demonstrate gating and charge sensing functions of the
lithographically defined QD. The electrochemical potential of the QD is modulated by
applying a voltage to both the source and drain electrodes. The QD integrated with the
DQD as a CS works as a gate electrode for the DQD. Charge transitions in the DQD are
detected by the CS through its charge sensing function.
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6.1. Introduction

Recently, qubits with semiconductors have been studied by many researchers
because of their long coherence time of the electron spin. One or two qubits have already
been achieved by several groups [14,19,21,57,58]. Many QDs are integrated to be used
for not only qubits but also CSs to identify the position of an electron [58]. In addition to
such QDs, many gate electrodes should be integrated to a qubit device to control the
electrochemical potential of each QD and tunnel barriers between the QDs. However,
the qubits and CSs also occupy a large space in the device. Such a large structure for
qubits would be a problem in the integration of many QDs to achieve a quantum
information processor. Therefore, technological development of QDs by
multifunctionalization is required to reduce the number of gates and integrate many
QDs.

In this chapter, we demonstrate gating and charge sensing functions of a
lithographically defined QD. The electrochemical potential of integrated QDs is
modulated by applying a voltage to both their source and drain electrodes
independently. Since the modulation of the potential of a QD also changes the potential
of another capacitively coupled QD, the QD works as a gate electrode for the other one.
In addition, charge transitions in a DQD are successfully detected by the integrated QD

through its charge sensing function.

6.2. Device Structure and Measurement Method

6.2.1.Device structure

The device structure we measured is shown in Fig. 6.1(a) as a bird's-eye view. Si
DQD, CS, and gates are fabricated by electron beam lithography, dry etching, and
thermal oxidation [59-61]. Constricted regions between QDs and reservoirs work as
potential barriers for the DQD and SQD. The BG is used to induce two-dimensional
electron gas at the lower Si/SiO2 interface in the SOI layer, which acts as a gate of a
MOSFET structure. The induced electrons flow from the source electrode to the drain
electrode through the potential barriers and the QDs. Figure 6.1(b) shows a SEM image
of a device with the same design as that measured in this experiment. The DQD and CS
are schematically indicated by ovals. The thickness of the SOI layer is 30 nm, and that

of the buried oxide layer is 145 nm.
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Fig. 6.1: (a) Schematic structure of QD device on SOI wafer. DQD, CS, and gates are
insulated by dry etching and covered with the thermally oxidized SiO2 and buried oxide.
(b) SEM image with the same design as that measured. The DQD and CS are

schematically indicated by ovals.
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6.2.2.Measurement method

The voltages applied to the gates (Va, Vem, Vi, Vics, and Vi) control the
electrochemical potential of each QD and modify the tunnel rate of each potential
barrier [59,60]. In a typical case, source voltages of all QDs are applied at a ground level
for use as a reference voltage. On the other hand, in this study, we apply offset voltages
of the DQD (Vspqp) and CS (Vics) to tune the performance of each QD. Vepgp (Vocs) is
applied to both the source and drain electrodes of the DQD (CS) [Fig. 6.1(a)]. Currents
through the DQD (/bqp) and CS (lcs) flow from their drain to source electrodes, as
indicated by dashed arrows. There is no leakage current between the QDs when
different offset biases are applied because each QD is isolated by dry etching, thermal
oxidation, and buried oxide. Source-drain voltages of the DQD (Vaspqp) and CS (Vascs)
remain constant during Vopqp or Vics sweeping. The base temperature in this

experiment is 250 mK.

6.3. Results and Discussion

6.3.1.Self-modulation by offset bias

Working all QDs on the same chip in good condition is difficult when they are driven
by a common gate because the gate has different capacitances to all QDs in the device
[59]. In addition to that, threshold voltages of the QDs are often different because of
their shape difference due to the design of the QDs and/or a fluctuation in their
fabrication process [Figs. 6.2(a) and 6.2(b)]. Applying a different offset voltage to each
QD modulates the energy band bending of the QD itself and the number of induced
electrons [Fig. 6.2(c)].
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Fig. 6.2: Energy band schematics of the DQD (a) and CS (b, ¢). (a) A few electrons are
induced in the DQD by V4. (b) More electrons are induced in the CS when the same Vg
as that of (a) is applied because the BG has a larger capacitance to the CS than to the
DQD. (¢c) The number of electrons in the CS is reduced by applying Vics. The bending of
the band in the SOI layer is modulated by each offset bias with the same Vig to all QDs.
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To confirm the effect of this technique, modulations of the Coulomb oscillations are
measured [Figs. 6.3(a) and 6.3(b)]. Figure 6.3(a) shows the measured current traces of
the CS as a function of the left and right gate voltages (Vg and Vi, respectively) with a
change in Vics as a parameter. There are few small Coulomb peaks when Vocs = 0 mV
because of the low tunneling rate through the CS. When a negative Vics is applied, the
potentials of the CS and the barriers relatively decrease because such potentials are
defined by the difference between the applied voltages of the BG (W) and Vics.
Therefore, many large Coulomb peaks are observed when Vics = -150 mV [Fig. 6.3(a)l.
Figure 6.3(b) shows a similar measurement of the DQD with the same applied Vig as
that in Fig. 6.3(a). The Coulomb peaks of the DQD are modulated by applying a
negative Vipgp in Fig. 6.3(b). From these results, we demonstrate the technique of
activating the CS and DQD independently with the application of different offset

voltages.
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Fig. 6.3(a) Ics — Vi, Va characteristics for Vocs between 0 mV (bottom trace) and -150
mV (top trace). The traces are given an offset for clarity. (b) hbqp — Vi, Va
characteristics for Vopgp between 0 mV (bottom trace) and -150 mV (top trace). The

traces are given an offset for clarity.
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6.3.2.Gating function of CS

Integrated Gi, Gm, G:, and Gcs, which are fabricated with SOI, are used as gate
electrodes for the DQD and CS. Electrons in the gates are induced by Vg in the same
way as the QDs and their number is modulated by changing the Fermi level of the gate.
This means that QDs work as gate electrodes when an offset voltage is applied to the
source and drain electrodes. Figure 6.4 shows the measured current traces of the DQD
as a function of Vg and Vir. Here, from top to bottom, Vocs increases from 70 to 260 mV
in 8 mV steps. Vaspgp = 5 mV and Vascs = 10 mV are fixed in all traces. An inter dot
coupling of the DQD is so strong that the DQD behaves like an CS because of the low
negative bias of the gates in Fig. 5.4 [62]. The Coulomb oscillation of the strongly
coupled DQD shifts depending on the CS potential. As a result, the gate function of the
CS is successfully demonstrated. We calculated the ratio of the capacitances of Gi1 and
G+ (Cepqp) and the CS (Ctspgp) to that of the DQD for comparison. Cespap / Cerdp = (éf
aA Vecs) (el oA Vair)) = A Vel AVocs = 0.97 is obtained, where o is the lever arm and A Vics
and AVogr are the distances between the Coulomb peaks in Fig. 6.4 [63]. This gating

effect of the CS, as well as those of the other gates, is sufficiently large to use.
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Fig. 6.4: Measured current traces of the DQD for Vics between 260 mV (bottom trace)
and 70 mV (top trace). The traces are given an offset for clarity. Gray (red) arrows are

used as visual guides. Positions of the Coulomb peaks are shifted by changing Vics.
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6.3.3.Dual function of CS

The CS is useful for both charge sensing and gating functions because it is normally
integrated next to the DQD to detect the charge transition sensitively [44,59,64]. Figure
6.5(a) shows a charge stability diagram of the DQD with the applied Vocs = -0.2 V. A
large current flows in several points. The points indicate triple points that are typical of
a serially coupled DQD [60,65]. White dashed lines in Fig. 6.5(a) indicate the points
where the number of electrons in the left or right QD of the DQD is changed. Figure

6.5(b) shows the differential conductance of the CS in the same measurement.

Fig. 6.5 (a) Charge stability diagram of the DQD. White dashed lines show the same
lines in (b). (b) Differential conductance of the CS. The charge detection lines are clearly
observed with Vocs =-200 mV.
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When the electron number in the DQD is changed, the differential conductance is
changed simultaneously because of the electric field from the DQD [43,66]. To obtain
the large signal of charge detection, we should set the potential of the CS where its
Coulomb oscillation is sharp and large. By applying a low negative Vocs, the charge
sensing lines become unclear [Figs. 6.6(a)-6.6(c)]. Vics set the CS to the best condition
for charge detection by its charge sensing function and the formation of the DQD by its
gating function [Fig. 6.5(b)].

To integrate many QDs, many gates and CSs should also be integrated in the same
device [67]. This multifunctional QD will save space in the device and enable a

large-scale integration for the quantum calculation [Fig.6.7].
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Fig. 6.6 (a-c) Differential conductances of the CS with different Vics values of -50 (a),
-100 (b), and -150 mV (c). The charge sensing lines are less clear than that in Fig. 6.5(b).
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Fig. 6.7: (a) QDs integration with 4 gate electrodes and an SET for the CS. The potential
modulation for each QD is impossibile. (b) QDs integration with decreased gate
electrodes because of the gating function of the CS. The integration is feasible with the

DQD device used in this work.
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6.4. Conclusions

In this chapter, we demonstrated a modulation of Coulomb oscillations of the
lithographically defined DQD and CS by applying offset biases. The modulation
technique is used to set the condition of each QD independently. We also developed the
gating function of the CS to actively control the electrochemical potential of the
integrated DQD for the first time. The CS isolated by dry etching shows this additional
function. Finally, the detection of the charge transitions in the serially coupled DQD by
the CS using its gating function is successfully demonstrated. This multifunctional QD
is a useful device for not only flexible measurements in various QD devices but also the

integration of qubits with a small number of gate electrodes for a quantum computer.
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Chapter 7: Analysis of Electron Spin Resonance with

Ferromagnets and Si DQD

This chapter is non-disclosure because the data will be published.
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Chapter 8: Conclusions

The main results of this study can be summarized as follows:

1. Develop the Si coupled QDs device for single spin qubit and its integration
2. Design and fabricate the Si DQD for ESR and observe blockade region

About the 1st result, the CS is integrated with the Si DQD to read out the position of
electrons in the DQD, and the single-electron transition in the DQD is actually
measured by the transconductance of the CS. The gating function of the CS with its
charge sensing function is also developed. The dual functionality enables the reduction
of the number of electrons of the DQD and gate electrodes, and the integration of the
multiple quantum dots. The offset bias of the CS modulates the operating bias of the CS
itself, and then, the charge sensing is available in the preferable region of the DQD.

About the 2nd result, we discuss about that the ESR method by using the
ferromagnets is suitable in the Si DQD device using in this work and investigate the
device structure for actual spin qubits device. As a result, by thinning the top gate
electrode thickness, 7 MHz Rabi frequency and the small difference of the RF frequency
for the resonance in the left and right QD are calculated. The difference of the RF
frequency becomes larger than 200 MHz, which is easy to distinguish and Rabi
frequency becomes 5 MHz by optimizing the shape of the structure.

From the measurement of the DQD device with ferromagnet, the blockade region in
several bias triangles is observed. From the magnetic field dependence of the leakage
current in the blockade region, the blockade region is by valley-spin blockade. By
applying RF to the gate electrode in the current hot spot, distant current peaks are
observed. The center frequency of the peaks agrees well with the expectation from the
magnetic field calculation, which suggests the current peaks are by ESR.

The ESR is occurred by the strong local magnetic field even when the external
magnetic field is zero because of the large remnant magnetization of the anisotropic
ferromagnets. This new ESR technology with only the local magnetic field has a
potential of long coherence time because the decoherence by spin-orbit interaction
induced by the magnetic field is strongly suppressed.

These results are significant progresses to implement the Si spin-based qubit and its
integration. The Si DQD devices for the development of the element technologies in this
work are still fabricated in the range of conventional Si-MOSFET process. Thus, these

developed technologies are useful to make the actual quantum information processing.
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