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Abstract

In this thesis we demonstrate that surface gated quantum dots working in
the high temperature regime (between 1.2 K and 7.7 K), can be reproducibly
fabricated using the combination of state of the art electron beam lithography and
shallow GaAs-AlGaAs heterostructures. Surface gated quantum dots with 4
electrodes and with nominal dot sizes between 100-350 nm were fabricated and
characterised.

We present the theory of electron transport in heterostructures with
emphasis being put on electron transport in shallow GaAs-AlGaAs
heterostructures where the two dimensional electron gas (2DEG) is 28 nm below
the surface of the semiconductor. The theory of electron transport in point
contacts (PCs) and in quantum dots is discussed in detail. We present the
quantum dot design considerations for achieving device operation in the high
temperature regime, design details, sample fabrication and sample handling
procedures.

The experimental setup for measuring our surface gated quantum dots and
data acquisition technique is presented. Temperature dependence measurements
between 1.2 K-9.6 K are presented for quantum dots with different nominal sizes.
We discuss an improved measurement setup designed for electron transport
measurements in quantum dots in the low conductance regime.

We show in this work that theoretical calculations and detailed modelling
can assist in the design of quantum dots for operation in the high temperature
regime. We describe the optimisation of our quantum dots, which led to a
fabrication and measurement of very small dots containing only a few electrons.
At the time when our research work was carried out, the surface gated quantum
dots detailed in this work showed the highest operating temperature reported in
literature for devices of this type. The benefits of quantum dots operating at high
temperatures are discussed.

We show the existence of electron-electron interaction effects in these
quantum dots at 1.2 K normally observed in surface gated quantum dots in the

millikelvin temperature range. The effect of a magnetic field applied

XIX



perpendicularly to the plane of our quantum dot in the few electron regime is
reported and discussed.

We show that surface gated quantum dots containing only a few electrons
optimised for high temperature performance can be used for electron
spectroscopy measurements and can yield interesting effects.

We discuss the intrinsic drawbacks and difficulties associated with the
operation of small surface gated quantum dots fabricated on shallow GaAs-
AlGaAs heterostructures. The effects of the semiconductor surface and material
imperfections on our quantum dot performance is also shown.

Finally we discuss the prospect for using shallow GaAs-AlGaAs
heterostructures in quantum dot devices and some possible future research

directions in the field of surface gated quantum dots.



Chapter 1 Introduction

Chapter 1

Introduction

1.1 Surface Gated Quantum Dots

A semiconductor quantum dot is a small structure in which a two-
dimensional electron gas, realized in a semiconductor heterostructure, is laterally
confined to form a disk-shaped, zero-dimensional electron system. As a result of
reduced dimensionality, quantum confinement and novel transport behaviour can be
observed in these systems. Electronic transport studies through a quasi-zero-
dimensional electron system show interesting effects. If the thermal energy kgT is
small compared to the electrostatic energy required to add one additional electron to
the zero-dimensional electron system, conductance oscillations as a function of the
electro-chemical potential of the island are observed. These oscillations are usually
called Coulomb blockade (CB) oscillations.

Much interest has developed in a number of applications of the Coulomb
blockade phenomenon, in metrology, detection, and in making single electron
devices for future nanoscale integrated circuits. Although Coulomb blockade has
been observed at temperatures up to 300 K and beyond in systems such as granular
films and scanning probe tips, realization of useful device structures using these
technologies is difficult. Structures such as metal-insulator-metal tunnel junction
arrays, or laterally patterned quantum dots are fully controllable but require much
lower temperatures for operation, limiting their utility. Tunnel junction structures

generally show charging effects at millikelvin temperatures, and although an increase
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in temperature to 4 K may be possible, this will require junction sizes 30 nm square
or less, placing demanding requirements on the lithography. Surface gated
semiconductor quantum dots which are easier to fabricate than ultrasmall tunnel

junctions have so far only shown charging effects at temperatures below 4 K.

1.2 Aim of work

The main aim of this thesis was to demonstrate that our surface gated
quantum dots fabricated using state of the art electron beam lithography and shallow
heterostructure technology can operate at and above 4 K. To achieve the highest
temperature operation of the surface gated quantum dots, their dimensions were
gradually reduced. This led to the demonstration of electron-electron interaction
effects in the smallest quantum dots. The exploration of these effects in the few

electron regime is also an important aim of this work.

1.3 Chapter summary

Chapter 2 describes the terminology and theory of electron transport in
heterostructures. The characteristic physical properties of shallow 2DEGs are
detailed and different transport regimes are described. Electron transport in
heterostructures in a magnetic field is discussed and the effects and main features of
the QPC (Quantum Point Contact) as a building block for quantum dots are
described. The discussion is extended to electron transport in series QPCs which
serves as an introduction to surface gated quantum dots.

Chapter 3 describes the design and fabrication of surface gated quantum dots.
The methods and main principles of optical and electron beam lithography are
described. The complete sequence of fabrication of ultrasmall surface gated

semiconductor devices and surface gated quantum dots is presented. The fabrication
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of all the layers is described, with emphasis being laid on the surface gate level. The
processes of sample inspection and sample bonding are also described.

Chapter 4 presents the measurement method used to characterize the surface
gated quantum dots. The cryogenic equipment used for measurements below and
above 1.2 K are described. The working principles of a dilution refrigerator insert
and the variable temperature insert are detailed. Special emphasis is put on the
description of sample handling and mounting of the highly sensitive quantum dots.
The lock-in measurement technique and the data acquisition method are also
presented. Different modes of measurement are described, and improvements made
to the measuring techniques during the course of the project are also discussed.

Chapter 5 deals with the theory of charging effects in quantum dots and the
process of device optimisation for operation in the highest achievable temperature
regime. The pinned surface and frozen surface approximations for the behaviour of a
heterostructure in depletion are described. The depletion length in the 2DEG under
the surface gate is calculated, and experiment and modelling is compared. Coulomb
blockade measurements in a range of quantum dots are presented. The modelling of
electrostatic potential and the number of electrons in our quantum dots is described.

Chapter 6 details the temperature measurements carried out on our quantum
dots. The theory of temperature dependence is presented and the line shape
dependence of Coulomb oscillations is described. The effect of the physical
dimensions and shape of the dot on the single particle energy level separation is
described. The temperature dependence measurements in the range of surface gated
quantum dots, including the comparison of experimental and calculated smearing
temperatures, are discussed.

Chapter 7 describes the DC source-drain measurements which is used to
determine critical quantum dot parameters. The theory of the Coulomb blockade
boundary is introduced. The “Coulomb diamonds” for each of the measured quantum
dots are presented. This chapter describes the effect of the tunnel barriers and the

surface gates on the single-electron transport through the quantum dot.
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Chapter 8 deals with spectroscopy measurements in quantum dots with few
electrons. The theory of electron spectroscopy in quantum dots is presented and the
structure of Coulomb blockade oscillations in the few electron regime is explained.
The theory of electron spectroscopy in quantum dots is extended to the magnetic
fields, and is used to explain the intriguing results.

Finally Chapter 9 summarizes our work and presents the main achievements
of this thesis. The negative points of this work are also discussed and possible future

research direction is laid.



Chapter 2. Theory of Electron transport in Heterostructures

Chapter 2

Theory of Electron Transport in Heterostructures

2.1. Introduction

In this chapter the theory of electron transport in a silicon doped GaAs
AlGaAs heterostructures will be discussed. The formation of a two dimensional
electron gas (2DEG) at the GaAs-AlGaAs interface is reviewed. Electron
transport in this region in one-dimensional structures resulting from electrostatic
confinement is described. The working principles of surface gated quantum
devices such as quantum point contacts (QPCs) and double junction systems
forming quantum dots (QDs) are reviewed. Finally, electron transport in both two
and one dimension, in the presence of a magnetic field perpendicular to the

electron transport plane is described.

2.2. GaAs-AlGaAs Heterostructures

The collection of layers of more than one kind of semiconductor material
is called a heterostructure. The active regions of devices are typically at or close
to the heterointerfaces, where the materials are joined to one another!. The
interfaces which make up a heterostructure are called heterojunctions. The
semiconductors which make up the heterojunction will have different band gaps
and this causes discontinuities in the conduction and valence band edges. These
band discontinuities can establish a potential well for carriers on the side of a
smaller-gap material. Thus in the case of GaAs-AlGaAs heterostructure the

potential well for electrons is formed at the interface due to the conduction band
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offset between the two semiconductors. The electrons are confined in a direction
normal to the interface, but free to move along it. To achieve high electron
mobility in the active region, heterostructures must have interfaces of particularly
high quality: the structures of the two materials must match onto one another, and
the interface must not be contaminated with impurities or suffer from other
defects. To meet these criteria, sophisticated processes like molecular-beam
epitaxy (MBE)? and metal-organo-chemical vapour deposition (MOCVD) are

used.

2.3. Modulation doped GaAs-AlGaAs Heterostructure

The modulation doped GaAs-AlGaAs heterostructures, grown by MBE,
have long been the subject of experimental investigation. In these structures the
AlGaAs material is doped, and the requirement to maintain a constant chemical
potential throughout the structure, leads to the ionisation of the impurities in the
AlGaAs and transfer of electrons across the interface. This charge transfer puts
conducting electrons in a high-purity, high-mobility GaAs without directly
introducing mobility-limiting donor impurities3 . As shown in the band-bending
diagram4 of Figure 2.1, the electrons are confined to the GaAs-AlGaAs interface
by a potential well, formed by the repulsive barrier due to the conduction band
offset (AE.) of about 0.3 eV between the two semiconductors, and by the
attractive electrostatic potential due to the positively charged ionised donors in
the n-doped AlGaAs layer. In order to reduce scattering from these ionised
donors, the doped layer is separated from the interface by an undoped AlGaAs
spacer layer.

If carrier confinement is strong enough, bound states can be formed which
have low enough energies to be filled in equally. In case of an isotropic
semiconductor that has energy bands in three dimensions which can be
approximated by parabolic wells, we arrive at the dispersion relationship given in

Equation 2.1 for the allowed carrier energies E,(k) in the well. E, are the
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confinement levels, m* is the effective mass of an electron in GaAs and k; and k,

are the wave vectors associated with electron transport in the x and y planes.

27,2
h2k3+h k;
2m*  2m*

E (k)=E, + 2.1)

Energy

»>

Doped AlGaAs i AlGaAs
. Spacer

Conduction Band Edge

N
+4+++++++++ | AE
Chemical potential ;

v

E; z
Eo

Figure 2.1: Schematic energy diagram of a modulation doped GaAs-AlGaAs
heterostructure illustrating the formation of quantised energy levels in the

triangular potential well formed at the heterojunction.

Hence, E, forms the bottom of a band of allowed energy states associated with
motion parallel to the interface. Each group of energy states is known as a
subband. The formation of subband structure has surprising implications for the
density of states in the potential well. Consider the number of states in two

dimensional k-space n(k)dk that lie in the interval k— k+dk

n(k )0k = D( k )2nkok (2.2)
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where D(k)=1/(27)* is the density of states per spin in two dimensions. If D(E) is
the density of states in the corresponding energy interval E—FE+JFE, then the total

number of states in this energy interval will be given by

D(E )OE = n(k )6k = Y 27k Sk
Hence
[27 dE (k)"
DE)=g.8| 7

E

where g; is the spin degeneracy of the electron and g,=1 is the valley degeneracy

of the conduction band edge in GaAs. Using Equation 2.2 to substitute for E

g,8,m*

D(E)=—"3

for E>E, (2.3a)

and

D(E)=0 for E<E, (2.3b)

It is apparent from Equation 2.3a and b that the density of states is a constant in
any subband, and zero below the subband edge’. As the energy increases, more of
the subbands become populated and the density of states increases in units of
m*/n/, see Figure 2.2.

At zero temperature , all states are filled up to the Fermi energy Er ( this
is a good approximation at finite temperature if the thermal energy kg7<<EF ). If
the doping level in the AlGaAs is properly chosen, it is possible to reduce the
Fermi energy to such a level that only the first subband is occupied. This subband
constitutes a two dimensional electron gas (2DEG). The main importance of this
type of 2DEG is that ionised impurity scattering is reduced due to the spatial

separation of the conduction electrons in the undoped GaAs from the donors in
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the AlGaAs. Additional reduction in ionised impurity scattering can be achieved
by including a region of undoped AlGaAs between the donors and the confined
electrons. As a result of these effects, high mobility electron gas is formed in the

GaAs at the spacer AlGaAs, GaAs heterojunction.

Density of states

'

nm*/mh?

«

| A 4 l —
>

E, Er E; E, Energy

Figure 2.2: Graph depicting the quasi-two dimensional density of states which
results from confinement at the interface of a suitably designed GaAs-AlGaAs

heterostructure.

2.4. Two Dimensional Electron Gas 2DEG)

A 2DEG in a AlGaAs heterostructure is usually characterised by the
mobility and carrier concentration of the confined electrons. The carrier
concentration ideally depends only on the spacer width, the pinning energy of the
chemical potential by deep donor states and the conduction band offset, see
Figure 2.3. In order to accurately understand these dependencies, it is necessary to
calculate the energy levels in the 2DEG. This is done by solving Poisson’s
equation to find the confining potential, while simultaneously taking into account

the effects on this potential of populating the potential well. If the effect of the
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electron population on the energy levels in the well is ignored, then too high a
value for the position of the energy levels is deduced. For accurate results a self-
consistent solution of Poisson’s equation and Schrddinger’s equation is required,
taking into account all energy related effects for the electronic charge distribution
in the 2DEG. Having said this, much can be learned simply approximating the
confinement as a triangular potential well and solving Poisson’s equation in order
to find the magnitude of the confining potentialﬁ. The problem then reduces to

simply finding the eigenstates of this potential well and integrating the charge

Energy

V' N

AlGaAs GaAs

GaAs

AlGaAs

Silicon Donors

; Ey
..

4 P

e e

L L]

7'
v

aq
Figure 2.3: Conduction band edge in a slab doped GaAs-AlGaAs heterostructure
with a surface potential Vy and a Fermi energy Er. The two dimensional electron
gas is formed at a distance c+d+s from the surface of the structure and in this
illustration shows one bound sub-band E, . The conduction band offset between
the GaAs and AlGaAs conduction bands is AE. and the deep donor pinning

energy is Eqq

10

v
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throughout the structure. Assuming that the Fermi energy in the central region of
the donor layer is pinned on the deep donor states’ at an average energy Ezq below
the conduction band and that tunnelling out of the 2DEG can be neglected at low
temperatures then the carrier concentration n,p in a 2DEG of effective thickness a

is given by Equation 2.4.
(AE —E, )
MNp =
£, &,

where €, (g,) in Equation 2.4 is the relative permittivity of AlGaAs (GaAs)

(2.4)

respectively.

Therefore, as a result of the pinning of the chemical potential by the deep donor
centres, the 2DEG charge density is determined entirely by simple energy
parameters and the geometry of the layers, not by the total number or the density
of donors.

In addition, it can readily be shown that the conduction band edge E¢ can
be expressed as a function of the electric field at the interface of the 2DEG with
the GaAs-AlGaAs (defined as z=0), donor concentration Ny, cap thickness ¢, and
a geometric parameter d’ which defines the spatial extent of the depletion region,

see Equation 2.5.

ag, N,*(d? dc
E (0)=—eF,|—*+s |+ —t+— (2.5)

. g &, &,

2.5. Surface Gated GaAs-AlGaAs Heterostructure

After a heterostructure has been designed and grown with a certain carrier
concentration, it is often desired to vary this concentration’. This is usually
achieved by patterning and depositing Schottky contacts onto the surface of the

heterostructure and applying an external electric field using a voltage source. As a

11
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result, the confined carriers in the 2DEG beneath the surface gates will experience
a repulsive force and at a high enough negative voltage will be expelled from
beneath the gates. In order to understand how the depletion of the donors takes
place, it is necessary to understand the role played by DX centres in the dopant
region. There are two cases to be considered. The first is that for high
temperatures, where the DX centres are active, i.e. they can be depleted. As
negative bias is applied to the gate, d’increases until it becomes equal to d, when
all the donor centres are depleted. Further application of negative bias removes
the charge from the channel, giving zero field there. This is at this point, when the
gate voltage V, equals the threshold voltage Vr Hence assuming that the surface
states are in equilibrium with the gate electrode, then the conduction band edge at
the surface of the heterostructure is given by Equation 2.6, where V, is the

potential of the free GaAs surface.

E(0)=e(V, =V, )=e(Vy~V,) (2.6)

Hence substituting into Equation 2.5 for E, (0) with d=d”and F, set to zero gives

V-V N,e*| d? +dc @7
e(V, — = — .
o T g |26, &,

This equation enables the threshold voltage, V7 in the active state to be computed.

The second case applies at low temperatures, when the electrons are
trapped in the DX centres. These centres become frozen and cannot be depleted
by the application of a voltage bias. However, the DX centres can be ionised at
low temperature by illuminating the structure with radiation which supplies an
energy greater than the maximum height of the energy barrier. In the case of
frozen DX centres there is an extra contribution to the surface potential due to
their electric field F7. Hence the conduction band edge at the surface of the

heterostructure for frozen DX centres is given by

12
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N,e*[d? d'c CcE,
E/(0)= +— |+eF',|d+ (2.8)
£ \2¢, ¢, £,

Solving Poisson’s equation to find F”’,, Equation 2.8 can be simplified to give an
expression for the bias at which the channel is fully depleted in terms of the
geometry of the heterostructure and the zero bias carrier concentration in the

2DEG, see Equation 2.9.
5 e c d s a
V) =——n,)| —+—+—+— 2.9)

The threshold voltage in this frozen approximation depends strongly on fixed
constants and geometry. This effectively puts a limit on the minimum threshold

voltage that can be designed into a heterostructure for a given doping density.

2.6. Electron transport in a Two Dimensional Electron

Gas

With the application of an electric field in the plane of the 2DEG, an
electron acquires a drift velocity v=-eEAt/m in the time At since the last impurity
collision. The average of At is the scattering time 7, so the average drift velocity

Varif 18 given by
Varifi=- el He=eT/m (2.10)
The electron mobility s, together with the sheet density n; determine the

conductivity o in the relation -en,va =0E. The result is the Drude conductivity,

which can be written in several equivalent forms:

13
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2

e‘nt kfl

2

2
e
o=enll, = Pl 7 M (2.11)

In the last equality we have used the identity ny=g; g, ks* /47 and have defined the

mean free path /[=vp7. The dimensionless quantity kr/ is much greater than unity
in metallic systems, so the conductivity is large compared with the quantum unit
e’ /=38 uS.

Experimentally it is the conductance G that is measured and this is related to the

conductivity of a sample of width W and length L through Equation 2.12:

ST LR T L 12)

Equation 2.12 describes the elastic scattering of electrons at the Fermi surface
with wave vectors kr and can now be used to define three different transport
regimes: diffusive, quasi-ballistic and ballistic, depending on the relative size of

the mean free path compared to the sample dimensions, see Figure 2.4.
2.6.1 Diffusive Transport Regime

In the diffusive transport regime, where L, W>>I, quantum interference
effects can produce deviations from the predictions of classical transport theory.
These interference effects result from phase differences acquired by an electron
wave in travelling between two points in the sample along different possible

trajectoriess.
2.6.2 Quasi-ballistic Regime

Modern technology permits the fabrication of structures in which W<li<L.
In this quasi-ballistic regime the conductance is determined by a combination of

specular boundary effects and impurity related elastic scattering events.

14
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2.6.3 Ballistic Regime

In the ballistic limit , where L, W< </, Equation 2.12 does not hold as there
are no scattering centres in the sample. In this regime the conductivity, as defined

in Equation 2.8, has no meaning and the conductance is determined solely by

sample geometry9 and specular scattering from the sample boundaries®.

Diffusive

T NIV

Quasi-ballistic

-
-

—<

(b)

Ballistic

©

AN e

Wz

L<<l

Figure 2.4: Illustration of electron trajectories in the (a) diffusive (I<<L,/W),
(b) quasi-ballistic (W<I<L) and (c) ballistic (I>>L,W) regimes with specular

scattering at the boundary of the conductor.
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2.7. Adiabatic Electron Transport

In this section electron transport in reduced dimensions in surface gated
GaAs-AlGaAs heterojunctions will be discussed. Transport throughout two
tunnel barriers in series will also be discussed. Finally, the theory for single

electron transport in surface gated QPCs is presented.

2.7.1 Quantum Point Contacts

Quantum point contacts (QPCs) are the most elementary tool for the study
of ballistic and adiabatic electron transport and the building elements of a split-
gate quantum dot'!. These are short and narrow constrictions in a 2DEG, with a
width of the order of the Fermi wavelength. The most dramatic phenomenon
observed in QPCs was the observation of quantized plateaux at multiples of 2e*/h
in the conductance of the QPCs, measured as a function of the gate voltage.

We now show the conductance quantization from transport through 1D
subbands. Quasi-one dimensional transport in the ballistic regime is determined

by the Hamiltonian :

2 2
_ px py
H=- 24— +eV(x) (2.13)

where m*=0.067 my is the effective mass in GaAs. The narrowest point in the
QPC completely determines the transport properties. If the confinement is
commensurate with the Fermi wavelength of the electrons in the 2DEG and
assuming a parabolic confinement potential, the resulting Schrodinger equation
can be written in the form of that for a harmonic oscillator having energy

eigenvalues :

1 hk*
E (k)= n—z 600+2 : n=1,2,... (2.14)
m

16
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which contains a free-electron kinetic energy dispersion in the longitudinal y-
direction. In the x-direction the energy states, indexed by n=1,2,..., are quantized
and separated in energy by %wo. Equation 2.14 describes 1D subbands, because
the electron motion is free in one direction only. Figure 2.5 shows the 1D
subband dispersion versus longitudinal wavevector k,. The right-going electrons
originate from the left 2DEG reservoir, which populates at zero temperature all
the states up to its electro- chemical potential p,;. The left-going electron states are

occupied up to 4, the electro-chemical potential of the right 2DEG reservoir.

E,

N

ky
Figure 2.5: Subband energy versus longitudinal wave vector k, assuming a
parabolic confinement potential. The 1D subbands are separated by %wy. The net
current results from the uncompensated occupied electron states in the interval
between p; and p,, where u; and pp are the chemical potentials of the wide

2DEG reservoirs.

A voltage difference V=(u;-1, /e between the two reservoirs results in a
net current /, which is carried by the electron states in the energy interval between
4y and z. The Fermi energy Er is defined as Er=x;=g, when V=0. The net

current at zero temperature can be written :

17
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2e ¥(E, p)
I= —]‘ Vi -——————[.(E)dE .
ﬁh e [ = L(E) (2.15)

where 4 is the equilibrium potential and f{E,x) is the Fermi function. Equation
2.15 includes the transmission probability of the n-th subband T, (E) to describe
possible scattering events. N denotes the number of occupied subbands, the
largest number for which Ey (k, = 0)<Ey.. For small voltages (eV<<Ep ), one can
take T, (E)=T, (Er ). Substituting in Equation 2.15 one finds the conductance
G=l/V=el(-1, ):

2e?
G=72T,,(EF) (2.16)
n=1

If no backscattering takes place, so XT"( E. )= N, Equation 2.16 reduces to :

n=1

_z2e’ 2.1
G==—N (2.17)

demonstrating that each occupied subband contributes 2¢/4 to the conductance.
The subbands are often referred to as 1D current channels to emphasise that each
channel carries the same amount of current. The quotient e’/ is often described
as the quantum unit of conductance, with magnitude 38.7 pS=(25.8 kQ)™.
Numerical calculations have shown that Equation 2.17 gives an accurate
description of the conductance of a QPC with the assumptions that impurity

scattering is absent and that the potential variations are smooth.

18
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2.8 Electron transport in a Magnetic Field

In this section a discussion is presented of the dynamics of electron
motion in a 2DEG, with a magnetic field applied perpendicular to the transport
plane. The effect of the magnetic field on electrons confined in quasi-one
dimensional channels is also considered. The main properties of edge channels

and their selective transmission by QPCs is also discussed.

2.8.1 Two Dimensional Electron Gas in a Magnetic Field

In a magnetic field, perpendicular to the 2DEG in the z-direction and
represented in the Landau gauge with A=(0,Bx,0), the Schrodinger equation for an

electron is given by13

1 r—hzaz+—'hi+ B z—hz£1 1% =E 2.18
Ze| T e Ty HeBx | <R o5 [V @00 = Ep(r) 218)

where V(z) is the potential confining the electrons in the 2DEG. Expanding the

inner bracket gives

[ #2 , iehBx 0 (eBx)? ]
{"2,"*‘7 T oy 2me +V(Z)Jw(r):Et/f(r) (2.19)

This equation shows that two terms have arisen from the magnetic field: a
parabolic magnetic potential which tends to confine the wavefunctions, and a first
derivative which couples x and y and is slightly reminiscent of the Lorenz force.
The method of separation of variables is used to solve Equation 2.19 in terms of
functions ¢(x,y) and ¢(z). The resulting wavefunction is then given as the product
#(x,y)@#(z) and the total energy will be given by E(x,y,z)=E(x,y)+E(z). The vector

potential does not depend on y which indicates that the wavefunction should be a
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product of a plane wave along y with some unknown function along x, see

Equation 2.20.

¢(x,y)=u(x)e™ (2.20)

On substituting Equation 2.20 into the Schrodinger equation (2.18), the plane

wave term cancels from both sides, and leaves an equation in x only

[ 2 0* 1 o mYl 221
\'_Zm*o'?x2+2mwc X+ o Ju(x)—é‘,,u(X) 2.21)

where @, is the cyclotron frequency , eB/m* f as in the classical case and g, are the
energy eigenvalues associated with the eigenfunctions u(x). Equation 2.21 is just
a linear harmonic oscillator but with the vertex of the parabolic potential
displaced to -(7ik)/(eB). This equation can now be solved for the energies and

wavefunctions for motion in the x-y plane, see Equations 2.22 and 2.23

1
€, =( - 5}.@ n=123,.. (2.22)

x“Xk] -nt L (2.23)

T T

¢n.k(x’y) = Hn—](

B

where lg= i/ |eB| ) is the magnetic length and H,.; are Hermite polynomials.
It can be seen from Equation 2.22 that the density of states in any two
dimensional sub-band becomes a series of oJ-functions referred to as Landau
levels, each of which is labelled by the quantum numbers n and degenerate in
wave number k.

Suppose that the system is a rectangle in the Landau gauge, of dimensions

(Lx,Ly). Periodic boundary conditions along y give the usual condition"

k,=(2r/L,)j j=123,.. (2.24)
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The boundary condition in the x-direction comes about because the
wavefunctions are centered on xx. Requiring x; to be within the sample, O<x;<L,,

means

hik
0<-—<L, (2.25)
eB

Thus the allowed number of states in each Landau level per unit area is given by

_<B

ny = (2.26)

Equation 2.26 can be rewritten by including both spins and introducing the

cyclotron energy

m*

:nhz

2n,

ho, (2.27)

Thus each Landau level (counting both spins) contains the states that originally
filled the constant two-dimensional density of states over a range of %, the
cyclotron energy, see Equation 2.3.

The number of occupied Landau levels or filling factor v at a given field is
the ratio of the total number of electrons to the number of allowed states per

Landau level per unit area, see Equation 2.28
V=—"T"T"=— 2.28
eB 2P (2.28)

counting each spin separately.

In general the filling factor v is not an integer, and at zero temperature
there will be n full Landau levels where » is the integer below v, and the top level
will be partially filled. As the magnetic field increases, the energy spacing of the

Landau levels increases and the density of states per Landau level increases. This
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means that fewer electrons will occupy the highest level and the top level

becomes empty when v=n, at a field

_ by

B =

n

(2.29)
en

After this n falls by 1 and the next Landau level begins to empty. If the magnetic
field lies in such a range that n<v<(n+I) or B(.;)<B<B, there will be n
completely filled Landau levels but level n+1 is only partly filled in which the
Fermi energy resides. At the point where the n+1 level empties, the longitudinal
resistivity falls to zero as the Fermi energy resides between Landau levels, see

Figure 2.6.

Density of States

y

1 l ! : ' l
ha)c EF 3h0)c EF EF

v

Figure 2.6: Occupation of Landau levels in a magnetic field with its associated
filling factor. The movement of the occupied Landau levels with respect to the

. . 1
Fermi energy is also shown'.

Figure 2.6 shows that the density of states at the Fermi energy changes as
a function of B when spin splitting is negligible. It drops to zero when v is
integral and has maxima when v is roughly half-way between integers. This is

reflected in many quantities that depend on this density of states. The oscillations
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of longitudinal resistivity with magnetic field are called the Shubnikov-de Haas

effect, which can be explained using the two-dimensional resistivity tensor’

T 1

c

1 -or
p=po,, (2.30)

where py is the zero field resistivity given by

m*

Do = (2.31)

2
n,pe’T

and the scattering time 7 is inversely proportional to the density of states p(Er ) in

the simple Born approximation

7 = (%)p(EF)ciuz (2.32)

where c is the areal density of impurities, and the impurity potential is modelled
by a two-dimensional delta function of strength u. From these equations it can be
seen that the diagonal element of the resistivity tensor is directly proportional to
the density of states at the Fermi energy. Thus oscillations in the density of states
at the Fermi level due to the Landau level quantization are therefore observable as
an oscillatory longitudinal magnetoresistivity.

The resulting Shubnikov-De Haas oscillations are periodic in 1/B, with

spacing A(1/B) given by
A+ |- 2 2.33)
B) hn,, '

providing a means to determine the electron density from a magnetoresistance
measurement by applying Equation 2.29 at two consecutive minima, n and n+1,
and then subtracting to eliminate n, or alternatively by plotting //B versus integer

values.
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2.8.2 Electron transport in Narrow Channels in a Magnetic Field

Let us apply a magnetic field to a 2DEG confined in a narrow channel
with a confining potential V(x). The Schrodinger equation for electrons with

wavefunction y(r) will be'

[ 52 v2 ieth_3_+(eBx)2
{ 2m* m* ody 2m*

1
+V(x)+V(z)Jl//(r)=El//(r) (2.34)

Separating Equation 2.34 to extract the x-y dependence gives

+V(x)}w(x,y)= E y(xy)

l__ h* (92 N a? _iei’szi_'_(eB)c)2
[ 2m*\ ox* oy’ m* dy 2m*

This equation can be solved with the function
¢(x,y)=u(x)e"™ (2.35)

resulting in

LSS T2 SN P 236
L—2m*dx2+2m @ x+eB + (X)Ju(x)_.gnu(x) (2.36)

where w.=eB/m* is the cyclotron frequency. The case of a parabolic confining

potential when
1 % ;2.2
V(x):im Wy x 2.37)

can be solved exactly because the magnetic potential is also parabolic. The energy

eigenvalues
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£ = l ) +th2 2.38
n n 2 B 2m3 ( . )
where
1 . |
0, = (0 +©?)?  and my =m & (2.39)

The first term in Equation 2.38 is a potential energy term associated with
confinement in discrete energy levels, whereas the second term accounts for the
kinetic energy of the carriers with wave vectors k.

It is interesting to investigate the dependence of the eigenstates in an
infinitely deep square well where V(x)=0 for |x | =a/2 and V(x)=o0 elsewhere, see
Figure 2.7.

For zero magnetic field the energies are

(hz mcj2 h2k?
£(0)=|—|=| + (2.40)

2m ) a 2m

and when k=0 the magnetic potential is a parabola centered on the origin which
jumps to infinity when it approaches the hard walls. A weak magnetic field raises
the energy of the state and slightly distorts the wavefunction; the walls still
provide the main confinement. Increasing the field, increases the magnetic
potential until it provides the more effective confinement. The energy of the
electrons is now confined in Landau levels which lie below the Fermi energy and
thus carry no current. If the wave vector is increased, the vertex of the magnetic
parabola shifts and can actually lie outside the wire. At high values of k, the
electrons are confined at the edge of the channel in a narrow potential well
created between the magnetic potential and V(x). At sufficiently high values of %,
the eigenstates lie above the Fermi energy and hence any propagation will occur
at the sample edge. These states squeezed against the side by the Lorenz force,

with higher energies than those in the middle of the wire, are the edge states. An
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The relevant electron states for transport are only those at the Fermi
energy Er. The energy of an electron at the Fermi level in a strong magnetic field

contains a part

(n = %}‘wc (2.41)

due to the quantized cyclotron motion and a part

t— gl (2.42)

from spin splitting ( depending on the spin direction).

The remainder is the energy Eg due to the electrostatic potential.

1

1
E,=E, —(n - E}ch £ 8l,B (2.43)

E¢ is known as the guiding centre energy16. Equation 2.43 indicates that edge
channels with different Landau level index n or opposite spin direction, all
located at the sample boundary, follow different equipotential lines.

Using their tuneable barrier height Ep, QPCs can be used as selective edge
channel transmitters. Edge channels for which Eqg<Ejp will be reflected by a QPC
and those with Eg>Ep will be transmitted through the QPC. Because only the
transmitted edge channels contribute towards the conductance, the two terminal

conductance G of a single QPC is given by

2

e
G= 7(N +7) (2.44)

where N is a number of fully transmitted channels and T is the partial
transmittance of the upper edge channel. It must be noted that the edge channel
with the smallest index n has the largest guiding centre energy according to

Equation 2.43.
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As the barrier height Ep of the QPC changes with the gate voltage and the
guiding centre energy Eg changes with the magnetic field, the number of
transmitted edge channels can be changed by varying the magnetic field or the
gate voltage. Experimental results show'® that Equation 2.44 holds very well,
indicating that QPCs fully transmit the lower indexed edge channels and partially
transmit the upper channel without scattering between the available edge

channels.

2.8.4 Electron Transport in Series QPCs in a Magnetic Field

Consider the case when two QPCs are connected in series with a dot-
shaped cavity between them. In zero magnetic field the electrons will scatter
randomly in the cavity establishing an isotropic velocity distribution. In this
regime the series resistance is the Ohmic addition of the individual QPC
resistances’’.

In high magnetic field when the electrons are confined to edge channels
the above situation changes radically'®. The electron transport is adiabatic if there
is no scattering between the different edge channels. The QPC with the highest
potential barrier, thus with the lowest number of transmitted channels will form
the characteristic resistance for the system. The series conductance Gp is
completely determined by the QPC which transmits the least number of subbands,

and which consequently has the largest resistance.
Gp =min(G,,Gp) ) (2.45)
where G4 and G5 are given by Equation 2.44 for the QPCs A and B respectively.

If both QPCs transmit the same number of channels N and the upper edge channel

is only partially transmitted, the conductance of the quantum dot Gp is

2

Gy = -e-h—(N +T,) (2.46)
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T,, the partial transmission of the upper edge channel through the two QPCs in
series can be calculated from the individual transmission probabilities 74 and T
of both QPCs. The incoming electron will be transmitted through both QPCs with
probability 74 Tp. After making one loop around the dot, the probability for the
electron to be transmitted is 74 Rg R4 T, where R=1-T. After the second loop the

transmission probability will be
2
T,(R,R,) T, (2.47)

The total transmission probability will be

T, =TATB[1+RARB+(RARB)2+...]=T—_% (2.48)
A"'B

Equation 2.48 gives the classical transmission probability of a single channel
through two barriers.

After deriving classical transmission probability for a double barrier
structure, let us give a simple quantum mechanical derivation'®. Consider an
incoming electron with a wavefunction ¥, from the partially transmitted edge
channel on the left hand side. The right and left-moving waves Wg and ¥, in the

dot are mutually connected through:

¥, =T, ¥, +/R, ¥, and ¥, =R, ¥, exp(i®) (2.49)

when both are evaluated at QPC A. ® is the acquired phase after making one
revolution around the dot. If W¥,,, is the outcoming wavefunction at the right

where
¥, =T, % (2.50)

2 2.
/ l‘I‘,.n is given by

the transmission probability T, =¥,
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TATB
T, = (2.51)
1-24(R,R,) cos®+ R,R,

The interesting quantum mechanical aspect of Equation 2.51 is that the
transmission probability of two barriers in series can be larger than the
transmission probabilities of the individual barriers. This is known as resonant
transmission and is most apparent for equal barrier transmissions 74=7p when
the maxima in 73 are equal to one.

In the quantum dot the phase ® is determined by the enclosed flux:

©=27BA/ ¢, (2.52)

where A denotes the are enclosed by the edge loop and ¢@y=h/e is the flux
quantum.

Resonant transmission occurs whenever the Fermi energy Er of the
reservoirs coincides with a zero dimensional state. This regime is most apparent
when the quantum dot is weakly coupled to the reservoirs. Then the eigenstates of
the dot are nearly undisturbed so that resonant transmission through the discrete
zero-dimensional states will give rise to sharp peaks in the conductance with a

maximal amplitude of e’/
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Chapter 3

Device Fabrication

3.1. Introduction

In order to study the physical properties of gated heterostructures it is
necessary to fabricate a device containing the two dimensional electron gas
(2DEG) into which carriers can be injected and different parameters such as
resistance, capacitance and depletion voltage can be measured’. These devices are
therefore fabricated on a modulation doped GaAs-AlGaAs heterostructures in
which the 2DEG is trapped 28 nm below the surface of the semiconductor. In our
experiments this shallow 2DEG structure was used with an aim to increase the
temperature regime in which our devices operated. We used a Hall-bar geometry
to define the device which is in effect a simplified high electron mobility field
effect transistor with multiple Schottky gates. The device was designed using
Wavemaker, a CAD software package, and contained 4 levels. The first level is
the ohmic contact level which enables us to make contact to the 2DEG. The
second level is the isolation level, when the device is isolated from the rest of the
semiconductor and a conducting channel is defined in the 2DEG. The third level
is the gate level which defines the pattern of the Schottky gates on top of the
device. The fourth layer is the wiring level which defines the pattern for
connecting the gate voltage pads to the gates. After the devices have been
fabricated using the combination of optical and electron-beam lithography, wet
etch and metal deposition techniques, the substrate is cleaved into dies. The
individual devices are attached to a single chip carrier and electrical contacts, so

called bonds, are made between the ohmic contact pads of the device and the chip
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carrier. In this chapter the above fabrication steps and procedures will be

discussed.

(a)

| Schottkv Gate I
Cap GaAs

Doped AlGaAs

Spacer Layer AlGaAs

2T rosy s nvyreexd JDEG

Conduction Layer
GaAs

(b)

Gate

Channel

AN

Ohmic contacts

©)
Diffused ohmic contacts

\_/

2DEG

Figure 3.1: (a) Layer structure of a modulation-doped shallow GaAs-AlGaAs
heterostructure with the indication of the 2DEG (The boundary between the
spacer and conduction layers is indicated with a solid line). (b) and (c) schematic

layout and cross-section of the fabricated device in Hall-bar geometry.
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3.2 Principles of Optical Lithography

Optical lithography is used to define a mask pattern in a sensitive layer
called photoresist deposited onto the wafer being processed. The ultimate
resolution of the optical lithography system is related to the wavelength of
radiation used for patterning the photoresist. For the fabrication of our devices we
used a deep ultraviolet source of wavelength around 300 nm, which in principle
would have enabled us to define features down to the 0.3-0.5 pm range. For
patterning we used a contact lithography system, in which the photoresist-coated
GaAs wafer is brought into intimate contact with a mask, which has been
patterned and etched appropriately. Light from the source passes through
openings in the mask to expose the photoresist. The disadvantages of this type of
lithography are that the intimate mask-wafer contact often results in broken
wafers and masks. Particles of photoresist can adhere to the mask, and thus
frequent cleaning is required. The mask plates used in the optical lithography
process were prepared by electron-beam lithography, which can prepare masks
with the desired resolution. The fabrication of ohmic, isolation and wiring layers
did not require resolution higher than 1 pm, and thus these layers were prepared
using optical lithography. As the mask plates usually define an array of 20*20
identical device structures, a parallel device fabrication is possible which enables
us to produce large number of devices. The number of faulty devices usually
increases at each fabrication step, and thus large number of devices is needed to
start off with in order to have a sufficient number of adequate devices left at the

end of the process, for measurement.

3.2.1 Process of Optical Lithography

In optical lithography, a light sensitive polymer mixture called a
photoresist, which coats the substrate to be patterned, is exposed to radiation.
This radiation induces chemical changes in the resist material. The regions of the

photoresist exposed to light passing through the transparent areas of the mask
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plate becomes more (positive resist) or less (negative resist) soluble than the
unexposed resist. The resultant differential solubility then gives rise to image
formation when the resist is treated with appropriate developer used as a solvent.
The developer dissolves the exposed photoresist and washes it away.

For the fabrication of our devices positive photoresist was used, which
provides a higher resolution as the unexposed regions do not swell much in the
developer solution. When the irradiated substrate is treated with the developer
and the exposed areas of the photoresist are washed away, the patterned areas of

the substrate will be exposed.

@ ®

(©) (d)

(e) ® (8

| I M [ L

Figure 3.2: Schematic illustration of a photolithographic process: (a) irradiation
of the photoresist through the mask, (b) undercut resist profile after development,
(c) sample after metal evaporation, (d) metal layer on the sample after lift-off, (e)
resist profile before chemical etch, (f) sample after chemical etch, (g)etched

sample after washing off the photoresist.

Depending on the fabrication step, an oxide layer can be removed from these

exposed areas of the substrate, metal layers deposited onto them, or part of the
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substrate can be removed using chemical etch, see Figure 3.2. These fabrication
steps will be described in the following section.

The devices are fabricated in a class 1000 cleanroom in order to ensure
clean sample surfaces. In the following, the fabrication sequence used generally is

explained.

3.2.1.1 Sample Cleaning

The supplied wafer is cleaved into quarter wafer pieces using a diamond
tipped scriber. The quarter wafers are immersed in acetone and put in an
ultrasonic bath for two minutes. To achieve the required cleanliness the quarter
wafers are immersed in four different chemicals and ultrasonically agitated for

five minutes in each. These chemicals are in order of use as follows:

1. Trichloroethylene
2. Methanol
3. Acetone

4. RO (Reverse Osmosis) water

The wafers are then blow dried with nitrogen gas, and put in an oven to ensure
completely dry surfaces. The wafers are now ready for the application of the

photoresist.

3.2.1.2 Photoresist Coating

The wafer chip is placed on the vacuum chuck of a spinner and
Microposit S1400-31 photoresist is applied using a filtered syringe. The sample is
then spun at 4000 rpm for 30 s to achieve a relatively uniform resist layer 1.8 um
thick. The thickness of the resist determines the thickness of the metal layer it is
possible to lift-off. The wafers are then placed in an oven and prebaked for
15 minutes at 90° C, then removed from the oven and soaked in chlorobenzene

for 10 minutes. The chlorobenzene hardens the upper layer of the photoresist
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which becomes more resistant to the developer resulting in an undercut resist
profile ensuring easier lift-off, see Figure 3.2 (b). Then the wafer chips are baked
for a further 15 minutes at 90° C to remove residual solvents. The chlorobenzene

soak is not required if a chemical etch step follows the development process.

3.2.1.3 Exposure of the Photoresist

To transfer the desired pattern from the mask plate to the wafers, each
chip is placed onto the vacuum chuck of a System 3 High Performance Mask
Aligner and Exposure System. The samples are aligned to the mask plate pattern
with an accuracy of a few microns. When the alignment is completed, the samples
are brought into physical contact with the mask plate and a final check is
performed. The samples are then exposed through the mask plate with ultra violet
light for 12 s, see Figure 3.2 (a). When the exposure procedure is completed, the
samples are separated from the mask plate using a vacuum system and removed
from the vacuum chuck of the mask aligner. The samples are now ready for resist

development.

3.2.1.4 Resist Development

The exposed samples are immersed in the solution of one part Microposit
S1400-31 developer to one part distilled water for 70 s at room temperature and
gently agitated. This ensures that fresh developer continuously reaches the resist.
After development the samples are rinsed in distilled water for 5 minutes to
remove the remaining solution of the developer and photoresist and then blow

dried with nitrogen gas.

3.2.1.5 Metallisation and Lift-off

The developed samples are put into a Plassys Automatic Metal Evaporator
in which the metal layers are deposited in a high vacuum environment using
electron beam. In this system, a high purity deposition is possible as the heating

of the source is localised, and the source material does not react with the hearth?
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When all the required metal layers have been deposited the samples are removed
from the evaporator and immersed in acetone for one hour at 54° C. The warm
acetone dissolves the remaining resist and thus removes the metal which is in
contact with the photoresist, see Figure 3.2 (c) and (d). This process is known as
“lift-of . After lift-off the metal layer is patterned in the pattern on the mask

plate.

3.2.1.6 Wet Etch

Wet etch is used for isolating devices from each other. The etch pattern is
transferred to the sample using the first four fabrication steps described above.
For the fabrication of our devices we used a chemical etch step after the
metallization process, thus achieving two goals: separating the devices and
defining the sample geometry. GaAs is etched with an etch composition of acid,
peroxide, and distilled water. This etchant works by continuously oxidising the
surface and then dissolving the oxide layer. The samples are placed in a beaker
containing the etch solution and gently agitated, then removed from the etch after
the etching time has elapsed. After the completion of the etching process, the

samples are rinsed in RO water for five minutes.

3.2.2 Electron Beam Lithography

Electron beam lithography is used for defining the gate patterns on the
sample, as it gives higher resolution then optical lithography, due to the fact that
electron wavelength is much smaller then the wavelength of the ultra violet light®.
Thus the use of electron beam for patterning can result in smaller features. For the
fabrication of our devices, we used optical lithography for three fabrication steps
as it significantly cut the processing time, and electron beam lithography for gate
patterning as only this process required very high resolution’. The electron beam
fabrication process is very similar to that of optical lithography, but the resists

used, baking times and development process are rather different. In electron beam
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lithography we used a bi-layer resist to achieve the undercut profile necessary for

appropriate lift-off described in the Photoresist Coating section.

3.3 Sample Fabrication

In this section the detailed descriptions of the sample fabrication processes
are given, which were needed to create the appropriate samples for different
experiments. The sample fabrication process involves four layers, three of which
were created using optical lithography steps described in the previous section and
one by electron beam lithography. These layers are aligned to each other using
metal markers evaporated onto the sample surface during the first fabrication

step®. The four layers and the complete sample is shown in Figure 3.3

3.3.1 Deoxidisation and Ohmic Contacts

To investigate the properties of heterostructures, contacts are needed
through which carriers can be injected into the 2DEG. These contacts should not
present a barrier to charge carrier transport in either direction and are made by
doping the semiconductor surface®’. The diffusing dopants decrease the width of
the depletion region and electrons can tunnel through. Good ohmic contacts can
be made with very high dopant concentration and low contact resistance.

The first step for fabricating reliable ohmic contacts is the removal of a
thin oxide layer formed on the exposed surface of the GaAs sample. This native
oxide layer is usually a few nanometers thick, thus the sample must be deoxidised
in a 1:4 ratio of HCL:H,O solution for 30s. As shallow GaAs-AlGaAs
heterostructures are very sensitive to the deoxidisation etch, since it can etch deep
enough to make the electric contact to the 2DEG impossible, only a very light
etch in 1:10 ratio of HCL:H,O solution is performed on the samples prior to

ohmic contact deposition.
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The ohmic contact deposition, which is in fact an artificial doping, is done
in high vacuum using a Plassys Automated Deposition System operated at 10 kV
which contains and deposits five materials: nickel, germanium, nichrome, gold
and titanium. These materials can be deposited in any sequence with a defined
thickness accurate to + 1 nm. The predefined recipe used for creating the ohmic

contacts is as follows:

1. Ni 8 nm

2. Ge 120 nm
3. Au 130 nm
4. Ni 80 nm
5. Au 250 nm.

In this recipe the Ni is used as a wetting agent to improve surface
adhesion as AuGe tends to ball up; it is essential for the reliability of ohmic
contacts. The 120 nm of Ge and the 130 nm of Au are included in order to diffuse
into the semiconductor and form the contact. The last 250 nm of Au is used to
provide a good connection to external wiring. After evaporation the contacts are
annealed for 60 s at 370° C in a rapid thermal annealer flushed with argon gas, to
allow the diffusion of the materials into the 2DEG and achieve low ohmic contact
resistance. Then the resistance of the ohmic contacts is checked using a HP 4145
probestation. If the resistance value is too high, the samples are reannealed for a
further 30 s, which affects the quality of the surface of the ohmic contacts but

usually results in low contact resistance’.

3.3.2 Isolation

The etch composition of H;O:HCI:NH4 mixed in a ratio 100:2:0.7 is used
to isolate the conducting channel in the 2DEG. Each etch has a particular etch
rate depending on the proportion of the ingredients. The above etch composition

used for the isolation of our devices had an etch rate of 100 nm/minute and an
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etch time of 35 s was usually used. The quality of isolation is then checked using
the HP 4145 probestation, when the resistance between the ohmic contacts and
the isolated gate voltage pads is measured. If this resistance value does not exceed
a few MQ), indicating inadequate isolation, the sample is immersed in the etch
solution for a further 5s and the isolation is checked again. This process is

repeated until the required resistance value is achieved.

3.3.3 Fabrication of Nanostructures

As the fabrication of our nanostructures required very high resolution,
electron beam lithography was used with PMMA (poly-methyl methacrylate)
resists®’. Two layers of PMMA called BDH (manufactured by BDH Chemicals
Ltd) and Elvacite (DuPont Co.) with different average molecular weight (180000
and 360000 respectively) were used to achieve the undercut resist profile
illustrated in Figure 3.2 (b). Initially the sample was cleaned as described in the
section “Sample Cleaning”, then a 2.5 % solution of BDH in chlorobenzene was
applied to the sample and spun at 4000 rpm for 60 s. The sample was then baked
at 180° C for 1 hour. The second layer of Elvacite in xylene was then applied and
the sample was spun again at 8000 rpm for 60 s. After a further bake at 180° C
for 1 hour, the sample was ready for exposure. Using two layers of PMMA with
specific thicknesses which is determined by the density of PMMA resists and
revolution at which the resist is spun ensures an undercut resist profile and
reliable lift-off.

After exposure the sample was developed in a solution of 3 parts MIBK
(methyl isobutyl ketone) to 1 part IPA (iso propyl alcohol). The usual
development time was 35 s but this was reduced for small features when higher
than average exposure dose was used. The pattern development procedure was
carried out at 2410.1° C. As the solubilities of the PMMA resists are inversely
proportional to their molecular weights, the Elvacite resist gives slower

development then the underlying BDH resist layer leading to an undercut resist
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profile. After development the sample is rinsed in IPA for 10 s to wash off the
developed resist and finally rinsed in RO water for 5 minutes.

The sample was then placed in the Plassys Automated Deposition System
and 12 nm of Ti and 15 nm of Au were evaporated onto the surface. The sample
was then unloaded and placed in a beaker of warm acetone for 1 hour which
resulted in the lift off of the metal in contact with the resist. The lift off could be
completed by splashing warm acetone onto the surface of the sample using a
pipette, and removing the thin metal layer stuck to the contact pads using a sharp
wooden scraper. The sample was then rinsed in cold acetone for one minute and
finally in RO water for 3 minutes in order to remove the metal particles from the
surface. The pattern data showing the gated region of the device and a schematic
drawing depicting a four gated quantum dot is shown in Figure 3.4. A scanning
electron micrograph of the gated region of the sample and a 150 nm quantum dot

is shown in Figure 3.5.

3.3.4 Wiring Level

The final step in the fabrication process was the formation of the wiring
level where the nanostructures were connected to the gate voltage pads, (isolated
from the 2DEG). The wiring level was evaporated on top of the conducting
channel of the Hall bar, partially covering the gates providing robust connection
to them. The thickness of this layer is important, as the step from the etched
region of the sample to the top of the channel might exceed 50 nm, and this had
to be bridged. The pattern for the wiring level was defined with optical
lithography. After development the sample was loaded into the evaporator and

90 nm of Ti and 60 nm of Au was evaporated onto the sample.
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SEM and high resolution micrographs were taken from the devices using 20 KeV
acceleration voltage. The S900 high resolution micrographs enabled us to select
the desired exposure dose for electron beam lithography patterning and to
significantly reduce the device preparation and measurement cycle by inspecting

the fabricated nanostructures to assess their suitability for further processing.

3.3.6 Sample Bonding

Sample bonding was used to connect the samples to be measured to the
environment. Each sample was glued to a chip carrier and connected to it using
an ultrasonic deep access wedge bonder. The samples were mounted on a sample
holder and connections were made between the gold pads of the chip carrier and
the ohmic contact and gate pads of the sample using a 1.5 um thick gold wire.
After the connections were made the samples were stored in a conducting plastic

container, ready for measurement.

3.4 Electron Beam Lithography

To define the gate patterns for the fabrication of quantum dots, electron
beam lithography was carried out using a Philips Beamwriter EBPG-5 system,
with an accelerator voltage of 100 kV. This system uses a vector scan with a
Gaussian beam to transfer the patterns onto the substrate. The pattern was
generated using the computer aided design software packages Wavemaker and
CATS. E-beam lithography was especially suitable for the fabrication of our

devices which required frequent modifications.
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3.4.1 Electron Beam Writing

The pattern to be exposed on the resist takes the form of CAD data base
describing polygons, their locations within dies, and the locations of dies on a
wafer. This compact representation is then expanded into a specific database in
which the polygons are fractured into figures whose size and type conform to
standards. The pattern is written onto the substrate using a focused electron beam
with a variable diameter of 12 to 400 nm. For the fabrication of our devices we
used an electron beam with a diameter of 12 nm.

The exposure dose has to be carefully chosen for electron beam
lithography, as its value must be high enough to change the solubility of the resist
to enable the pattern to develop out. To fabricate our quantum devices an
exposure dose in a range between 800-1200 uC/cm® was used. If the exposure

dose is too high it might result in a proximity effect .

3.4.1.1 Proximity Effect

The proximity effect means that there is a tendency for adjacent features
to influence each other’s dose distribution. Electrons incident on the sample can
be backscattered from the substrate, returning up through the resist at high energy
and scattered through wide angles. They can pass upwards through the resist up to
several microns from their point of entry and expose adjacent features. The
proximity effect can be overcome by using electrons with higher energy. These
electrons penetrate deeper into the substrate and as a result of this there are less
backscattered electrons in the region of exposure. To find the best exposure dose
for a given feature and minimise the proximity effect, exposure tests were carried

out during the fabrication process.

3.4.1.2 Exposure Test

When fabricating small features such as quantum devices, it is necessary

to find the ideal exposure dose in order to achieve the correct resist solubility for
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development and to avoid proximity effects. To find the optimal exposure dose
for a specific nanostructure, test patterns known as exposure tests are written. The
pattern is written with a particular exposure dose then the dose is changed by a
small fraction and the pattern is written again. This process is repeated until a
pre-defined exposure dose range is covered. The substrate is then processed and
the test patterns are inspected by SEM. When the optimal exposure dose is found
the patterns can be transferred to the actual heterostructure with that particular

exposure dose. This process is called registration.

3.4.1.3 Registration

When the optimal exposure has been found the pattern can be written on
the heterostructure with numerous Hall-bar structures on it. The pattern has to be
written in certain locations i.e. on top of each Hall-bar. To achieve this a
registration procedure is used. To find the particular locations there is one pre-
defined rectangle at each Hall-bar which has to be found by the electron beam
writer. These rectangles or markers are used to define a co-ordinate system that
allows the machine to move the sample and position the electron beam. The

electron beam is positioned and the pattern is written relative to these markers.

49



Chapter 3. Device Fabrication

References

1. R A Stradling and P C Klipstein, Growth and Characterisation of

Semiconductors, Adam Hilger, Bristol, 1990.

2. E H Rhoderick and R H Williams, Metal-Semiconductor Contacts, Oxford
University Press, Oxford, 1988.

3. H K Henisch, Semiconductor Contacts, Clarendon Press, Oxford,1984.

4. K A Valiev, The Physics of Submicron Lithography, Plenum Press, New York,
1992.

5. W B Glendinning and J N Helbert, Handbook of VLSI Microlithography,
Noyes Publications, Park Ridge,1991.

6. R Cuscé-Cornet, PhD. Thesis, Glasgow, 1994.

7. C Barton, PhD. Thesis, Glasgow, 1995.

50



Chapter 4. Experimental Techniques

Chapter 4

Experimental Techniques

4.1 Introduction

In this chapter the experimental equipment and the specific measurement
techniques used for the investigation of the nanostructures are described. The
various cryogenic systems are covered together with the types of measurements
that were carried out using these facilities. The improvements made to the pre-
existing measurement system for high-impedance measurements are discussed.
Finally the handling techniques for small, Schottky gated nanostructures and the

damage caused by electrostatic discharge in them are also described.

4.2 Cryogenic Equipment

The experimental study of electron transport in a 2DEG may require low
temperatures. An Oxford Instruments He* cryostat and superconducting magnet
was the basic system for low temperature measurements that were carried out
during the course of our project. In this system the superconducting magnet was
immersed in a bath of liquid He* at 4.2 K and was capable of supplying fields up
to 13 T. Higher fields could be achieved by pumping the main bath, thus reducing
the temperature of the He* to 2.2 K. To attain a magnetic field greater then 11 T
the magnet is fitted with inner coil sections of niobium tin. The magnetic field is
produced using an Oxford PS120-10 (120 A, 10 V, forward or reverse direction)

power supply which was usually computer controlled via an RS232 interface.
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A 0.3 T/m sweep rate was used to measure the resistance as a function of
magnetic field. The sample is placed in the centre of the magnet, perpendicular to

the magnetic field in either the dilution refrigerator or variable temperature insert.

4.2.1 Dilution Refrigerator Insert

For measurements carried out below 1.2 K, an Oxford Instruments
Kelvinox He’/He* dilution refrigerator was used. The dilution refrigerator uses
the peculiar low-temperature behaviour of the liquid He*-He* mixture'. When the
mixture of the two isotopes of helium is taken below 0.86 K, it will separate into
a He>-rich, concentrated phase floating on top of a dilute, He* rich phase. As the
vapour pressure of He® is much larger than that of He®, by pumping on the
diluted phase He’ can be removed from the solution. To maintain the equilibrium
concentration, it will be replaced by He’, crossing the boundary from the
concentrated phase. This absorbs the heat of dilution of He® at the phase
boundary. Thus by removing He’ from the diluted solution the sample can be kept
cool at temperatures below 100 mK. The He® removed from the diluted phase is
then liquefied and pumped back to the concentrated phase. The minimum
temperature achieved with the dilution refrigerator was 40 mK. The temperature

is monitored using a calibrated ruthenium-oxide resistor.

4.2.2 Variable Temperature Insert

The variable temperature insert was an Oxford Instruments VTI, which
allowed control and measurement of the temperature’ in the sample space
between 1.2 K and 100 K. The liquid helium was supplied to the VTI from the
main bath in the cryostat via a pick up tube, see Figure 4.1. The flow of helium
was controlled by a needle valve located on the VTI top plate, by creating a
pressure difference between the helium in the main bath and the helium return

line from
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Figure 4.1: Schematic diagram of an Oxford Instruments Variable Temperature

Insert.
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the VTI. The temperature of liquid helium was controlled by passing it through a
heat exchanger at the base of the VTI. Temperatures below 4.2 K could be set by
reducing the vapour pressure of the helium after it had passed through the needle
valve. By changing the pressure in the sample space using a rotary pump
connected to the helium return line, temperatures between 1.2 K and 4.2 K could
be easily achieved. The lowest temperature of 1.2 K could be set by slightly
opening the needle valve and pumping the helium return line. For temperatures
above 4.2 K control was achieved by setting the flow rate using the needle valve
and by regulating the power to the heat exchanger heater’. The temperature of the
sample was raised above 4.2 K by evaporating the incoming liquid to form warm
helium flowing through the sample space. The sample temperature is measured

using a Rh-Fe thermometer which was in thermal contact with the sample.

4.3 Sample Handling and Mounting

The samples are fairly easily damaged during the fabrication and
measurement processes and the main hazard is the damage caused by electrostatic
discharge4. Semiconductor devices with insulating gate electrodes are the most
sensitive types to this form of damage. The small distance between the gate
electrodes (typically 20-30 nm) in our devices measured in the course of the
project made them extremely vulnerable to electrostatic discharge effects’. The
devices had to be protected after they had been bonded to the chip carrier. The
assembly of the device, bonder and bonder operator were connected to a common
ground using an earthing cable and wrist strap. The earthing straps had a
resistance of 2 MQ2, which was sufficient to conduct static charge safely to earth,
but high enough to limit current flow in case of an electrical fault. The bonded
device had to be handled using earthing straps and transported in electrostatically
conductive plastic box. Even with proper precautions the discharge of possibly
several hundred volts of static electricity can occur during the handling of surface
gated nanostructures. The effect of electrostatic discharge in a surface gated

quantum dot is shown in Figure 4.2.
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Chapter 4. Experimental Techniques

A box of switches at the head of the cryostat allows each of the sample
leads to be grounded so that when loading or unloading the sample all its contacts

can be safely kept earthed.

4.4 AC Lock-In Measurement Technique

The general AC low frequency lock-in measurement set-up is shown in
Figure 4.3. A low frequency signal (18 Hz) with a typical amplitude of 100 mV is
supplied to a resistor circuit using an external oscillator, which is connected to the
reference signal input of two lock-in amplifiers. The resistance circuit is a voltage
divider which is set to attenuate the signal by a factor of 1000. A roughly constant
signal is supplied to the device through a 10 k€2 resistor in series with the sample.
The voltage across the 10kQ resistor is amplified using an EG&G voltage
preamplifier which is connected to a Princeton 5210 dual phase lock-in amplifier.
A lock-in amplifier measures the sample response to a low frequency ac signal in
a very narrow bandwidth centered on the frequency of the external oscillator
providing the excitation voltage for the measurements. Two lock-in amplifiers are
used in order to improve the accuracy of the measurements. The voltage drop
across the sample is picked up and amplified using the second EG&G PARC
voltage preamplifier the output of which is connected to the second lock-in
amplifier which amplifies, filters and synchronously detects the signal using the
reference signal with the pre-set reference frequency. The signal in the lock-in
amplifier is applied to a phase sensitive detector (PSD), which gives an
oscillatory response to frequencies different from the reference frequency. These
frequencies are very effectively attenuated by an internal low pass filter. The
output of the phase sensitive detector is thus linear in the signal amplitude at the
pre-set frequency. Then the resistance of the device can easily be calculated by
using the output signals of the two lock-in amplifiers and the pre-set attenuation
ratio’.

To improve further the signal to noise ratio and measure the devices in the

high-impedance regime the measurement set up was modified and a current
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preamplifier was used (model SR570), providing better phase accuracy in the
presence of stray capacitance. The current preamplifier which was connected in
place of the series 10 kQ resistor could measure current close to the virtual null,
what enabled us to carry out low noise conductance measurements in the 25-
30 MQ2 impedance range.

To measure the conductance of the sample as a function of gate voltage

we used the experimental set-up described above, with the gate voltages supplied

Lock-In racrrss e Pre-amp

EG&G 5210 EG&G ’
: ......... - ............................ I . ;
; I—:—i g Pre-amp T 18 Pin BNC Conngctor
'|[EG&G 5210 EG&G | i B
1 i N— R — =

........ oot [
Oscillator P 10 KQ =
A+ =

Q

|||——

DC Supply B—» -4 -
HP3245A | osmméos

DCSupply | TJ 4

HP 3245A

Screened Room Cryostat Sample

B 1Low Pass Filter
Figure 4.3: Schematic diagram of the measuring system. The cryostat with the
sample is located in the screened room to minimise RF noise. The voltage
preamplifiers are placed close to the cryostat head in order to reduce the pick-up

noise.
by a Hewlett Packard 3245A Dual Universal Voltage Source. The experimental

equipment was controlled with an IBM PS/2 personal computer via IEEE488

interfaces using a Turbo-Pascal program.
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To carry out the measurement the sample was manually connected and an
excitation voltage applied. The gate voltages were changed by the computer
controlled voltage sources, and after a pre-set delay the values of the lock-in
amplifiers were read and then the resistance of the device was calculated. The
resistance values as a function of gate voltage was plotted on the screen and

simultaneously recorded in the memory of the personal computer.

Gate Voltage Supply
et ereseeesesessececseascccerrasareccecanasasccsnaosrrantrnnnn, ........................E PSD
(| z
Vref |
LN —,
/T N
V AMP. I AMP. (SR 570)
PSD
Splitter Box Ohmic contact Gate I Low Pass Filter

Figure 4.4: Schematic diagram showing the improved low frequency
conductance measurement set up with a current preamplifier working with a

noise level of 20 fA.

The schematic diagram of the measurement configuration used in low
frequency conductance measurements is shown in Figure 4.4. This set-up with a

current preamplifier in place of a series resistance allowed us to carry out low
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noise conductance measurements. The attenuated signal provided by the external
oscillator is passed through the sample via the current contacts and amplified by
the current preamplifier in series with the sample. The voltage drop across the
gated region of the sample is amplified by the EG&G voltage preamplifier. The
outputs of both the voltage and current preamplifiers are connected to the two
lock-in amplifiers.

In measurements using the upgraded measurement system with the current
preamplifier the noise floor was typically around 10* ¢*/h, while using the
voltage preamplifier the noise floor was around 102 €*/h. The upgraded system
proved to be very useful in measurements at a very low sample conductance level,
when the amplitude of the conductance oscillations is just above the noise floor.

The measurement configuration shown in Figure 4.4 was used as a
standard set-up in the measurements described below.

To carry out a temperature dependence measurement the temperature of
the sample was kept constant by fine tuning the flow rate using the needle valve,
and adjusting the heating power of a LakeShore temperature controller. This way
the temperature of the sample could be controlled with an accuracy of 0.1 K
between 1.2 K and 4 K, and maintained for about 40 minutes which allowed us to
perform the required number of gate voltage sweeps at a certain temperature. For
measurements above 4 K, longer periods were required for the temperature of the
sample to settle.

In the DC source-drain bias measurement a DC excitation voltage is
superimposed on the AC excitation voltage provided by the external oscillator.
The DC bias is supplied by a third Hewlett Packard 3245A Universal Voltage
Source in a range of +11 V. and applied between the points A and B shown in
Figure 4.3, which results in the division of the signal by a factor of 1000. Thus
the sample could be biased with a DC signal between +11 mV. The source-drain
bias to the sample could be reversed by interchanging the source and drain
contacts in order to check the electrical symmetry of the quantum dots in the DC
source-drain measurements.

The experimental system is located inside a screened room as shown in
Figure 4.3. The measurement signals are carried by twisted coaxial cables into

and out of the screened room, passing through low-pass filters mounted on the
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outside wall of the screened room. The signal filtering and the screened room are
necessary to minimise the level of unwanted RF signals which can easily result in
significant electron heating in the samplé. |

Mechanical vibrations were reduced by removing the pumps from the
screened room, damping the pumping lines connected to the cryostat with lead
foam and putting the cryostat on a damping mat.

Special care was taken to electrically isolate the cryostat from its
environment and then earth it together with the equipment at a single point. This

helped prevent the formation of earth loops in the system.
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Chapter 5

Charging Effects in Quantum Dots

5.1 Introduction

Single-electron charging effects were first studied in granular films and
metal tunnel junctions’. Periodic conductance oscillations were first observed in
disordered wires® which were interpreted in terms of electron confinement
between impurity barriers. In later experiments on lateral quantum dots?
controllable potential barriers were used which allowed the number of electrons
in the device to be changed one-by-one. This change in number of electrons in the
dot results in periodic oscillations which were explained in terms of charging
effects. More recent theoretical work and measurements were carried out on
quantum transport in a magnetic field**. With advancing fabrication technology it
became possible to scale down® the semiconductor nanostructures to a region
where electron-electron interactions have a significant effect on transport
properties. These artificially fabricated nanostructures, which contain only few
electrons, have proven to be excellent devices to study quantum size effects.
Different experiments, analysis and techniques are reviewed in Ref. 7.

In this chapter we present the working principles of lateral split-gate
quantum dots which we illustrate with the properties of our own devices. We
discuss the charging theory for semiconductor quantum dots and explain the
origin of Coulomb-blockade oscillations. We review the optimisation procedure
for quantum dots with regard to energy level spacing inside the dot. The model

for electrostatic potential and electron distribution in the measured surface gated
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quantumn dots is discussed. The results of calculations estimating the number of

electrons in the smallest surface gated quantum dots are also presented.

5.1.1 Theory of Single Electron Charging Effects''

Single electron charging effects®'° can strongly affect the transport
properties of semiconductor nanostructures weakly coupled to the electron
reservoirs by tunnel barriers. The tunnel barriers can be made controllable'! using
metal gates deposited on the surface of the GaAs-AlGaAs heterostructures. To
create a double tunnel barrier'? the metal gates are formed into two QPCs with a
cavity between them. Thus a simple but entirely controllable quantum dot can be
formed using four Schottky gates (G1,G2,G3, and G4) on the surface of the
substrate, as in Figure 5.1a. By changing the potential on the centre gate
electrode, the number of electrons in the electron pool between the tunnel barriers
can be changed one by one. This change in electron numbers in the dot seen as
conductance oscillations through the quantum dot.

Figure 5.1a shows the schematic layout of a four gate quantum dot,
Figure 5.1b schematically shows the potential landscape of the quantum dot,
which is created in the 2DEG by the four metal gates. Figure 5.1c shows the
equivalent circuit. The electrons will be strongly confined in the dot by the
induced potential barriers, if sufficiently large negative voltages are applied to the
QPCs. The number of electrons in the quantum dot is an integer and can be
changed by an integer number. We can write the electrostatic energy E,. of the dot

in the form!!:

n=N-N,
(—en+Qy )
E,=——=—— where Q,=CV,+C,V,+ C,V, (5.1)

2C
c=cs+cp+zcg

where Cs, Cp and C, are the capacitances between the source, drain, gates and the

electron pool forming the quantum dot. The excess charge in the dot is
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en=e(N-Ny), where N is the number of electrons in the quantum dot, and the
charge of the electron is taken positive. Ny is the number of ‘residual’ electrons in
the dot at zero gate voltage and zero bias voltage. When negative voltage is

applied to the gates the region beneath them is depleted, which decreases the

number of electrons in the pool (thus N, >N).
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Figure 5.1: (a) General schematic plan view of a surface gated quantum dot
measured during the course of the project. The Schottky gates are indicated by
G1, G2, G3 and G4. (b) Potential landscape of the quantum dot in the 2DEG
created by the gates G1, G2, G3 and G4. us and up are the chemical potentials of
the 2DEG reservoirs (source and drain respectively). ¢n is the electrostatic
potential with N electrons in the quantum dot. Ey is the energy level of the Nth
electron in the dot, relative to the bottom of the conduction band. (c) Equivalent

circuit of (b), using two voltage sources.

Qo is the continuous part of the excess charge, which is induced by voltage
differences Vgand Vp between the dot and the leads (eVs=us -4 (N), eVp=p44 (N)-
MUp, where 1, (N) is the electro-chemical potential of the quantum dot), and by the
gate voltages. C represents the total capacitance of the dot to ground, which
comprises the capacitances Cs and Cp between the dot and the source and drain
respectively and the sum of the capacitances 2C, between the dot and the gates.
For n=1 and Q,=0 Equation 5.1 gives the charging energy ¢’/2C for a single
electron. It is more convenient to take Ec =¢”/C as a unit for charging energy.
Generally the conductance of the device is measured with a small bias
voltage V=(us-up )/e across the dot, as the voltage applied to one of the gates is
changed. Therefore we simplify Qo=C;V, , where V, denotes the gate voltage
which is varied, and C, the capacitance between this gate and the dot. The ground

state energy for N electrons in the quantum dot is the sum over the single particle
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energies E, relative to the bottom of the conduction band. In this case the

electrostatic energy can be written:

y —en+C,V,)’
vy =3 E, + z o )
p=l C

(5.2)

From Equation 5.2 we can calculate the electro-chemical potential which is the

minimum energy necessary to add the Nth electron to the dot
H(N)=U(N)-U(N-1),

(n-1/2)e* C
—c eV (5.3)

U, (N)=E,+
When the number of electrons is changed by one at constant gate voltage, the
change in electro-chemical potential can be written as

e2

H(N+1)—p,(N)=Ey,—E\+ C

(5.4)

Equation 5.4 indicates that the electro-chemical potential changes by a finite
energy when an electron is added to the dot. ws(N+1)-u4(N) is large for large
energy splitting between consecutive OD-states and if the capacitance of the dot is
small. This energy can result in blockading for tunnelling of electrons into and
out of the dot as depicted in Figure 5.2a, where N electrons are confined in the
dot. The (N+1)th electron cannot tunnel into the dot, because the resulting
electro-chemical potential u;(N+1) would be higher than the electro-chemical
potentials of the source and drain. For piN)<us, pup<paN+1) the electron
transport is blocked. This regime is known as the Coulomb blockade. Electron
transport is only possible by thermal activation or tunnelling via virtual states'>,
The energy gap of Equation 5.4 is found at the Fermi energy, and determines the
transport properties and the activation energy. The zero dimensional states below

H4(N) are separated by Ey -En.;.
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It is possible to remove the Coulomb blockade by changing the gate
voltage so that p;(N+1) is lined up between us and pp(us>pa(N+1)>up ) as
depicted in Figure 5.2b. An electron can tunnel from the source into the dot
(us>pa(N+1)). The electro-chemical potential in the dot increases by the amount
given by Equation 5.4, which is dominated by the increase in electro static
potential e y.;- e¢N=e2/C. Because py(N+1)>up, one electron can tunnel out of
the dot to the drain. As a result of this, the electro-chemical potential drops to
H4a(N). Now a new electron can tunnel into the dot and the whole process repeats
again. This regime, when current is carried by successive discrete charging and

discharging of the quantum dot, is known as single charge tunnelling’.

(a) Coulomb blockade (b) Single charge tunnelling

ta(N+1) Ha(N+1)

= = = -

Hs

i (N) l,ud(N)

Figure 5.2: Two characteristic situations for different G2 voltages. (a) Coulomb
blockade of electron tunnelling (u;(N)<up<us<usN+1)). (b) Electron tunnelling
at the N — N+1 transition (us<p(N+1)<up ). V indicates the excitation voltage

across the sample (eV<<ps(N+1)-p4(N)).

As the gate voltage is changed, the conductance through the quantum dot
oscillates between zero (Coulomb blockade), and non-zero (no Coulomb
blockade) These oscillations are illustrated in Figure 5.3a. In the Coulomb
blockade regime, at a conductance minimum, the number of electrons in the dot is
fixed. This case is shown in Figure 5.3b. At a conductance maximum, this
number oscillates by one electron, and electrostatic potential e¢ oscillates by

¢*/C. In between two conductance maxima, e@ changes by Ey. I-EN+e2/C. The
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average slope of eg versus V, reflects the (de)population of the dot without

charging effects.

(a)

v

(b)
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r' N

N+2

N+1

N-1
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W feccccccccans
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Figure 5.3: Comparison of the conductance G (a), and the number of electrons
Nyo: (b) in the quantum dot. Between the Coulomb oscillations Ng, remains
constant, which corresponds to the Coulomb blockade (see Figure 5.2a). At the
maximum of the oscillations, Ny, oscillates by one electron, and e oscillates by
¢*/C. In this case, the Coulomb blockade is removed, and single electron

transport through the quantum dot becomes possible.
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From Equation 5.2 and the condition py(N,V,)=py(N+1, Vg+AV, ), the period of
the Coulomb oscillations in gate voltage AV, corresponding to a change of one

electron in the dot can be written:

C(E.. —E
AV :—(%)Jrci (5.5)

8

For vanishing energy splitting of the single particle states Ey.,;-En=0, the gate
voltage-capacitance relation for a single electron charge is obtained: AV,=e/C,.
The Coulomb blockade can also be removed by increasing the bias
voltage between the reservoirs. The energy interval eV=ps-pp determines the
transport through the quantum dot. As long as the energy interval between us and
4p does not contain a charge state as indicated in Figure 5.2a, the current is zero.
Current flow will start when either ps>p(N+1)>pup or ps>p(N)>pup. In this
case, a single charge channel is opened, corresponding to either the N—(N+1) or
the (N-1)-»N transition. As the bias voltage is further increased, a second channel
will open up when two charge states are contained between s and up, giving rise

to a second increase of the current through the quantum dot.

5.2 Optimisation of Quantum Dots

A theory has been developed'* to assist with the design and fabrication of
surface gated quantum dots with a view to maximise the single particle energy
level spacing inside the quantum dot. As the magnitude of the level spacing
strongly affects the behaviour of a quantum dot, these calculations enable us to
optimise the geometry and size of the dots to study single electron charging
effects in these nanostructures in the maximum temperature range of operation.
To test this theory, measurements were carried out at 1.2 K on surface gated
quantum dots with lithographic diameters in the range from 100 nm to 350 nm.

Sub-micron devices usually have large, unmetallised surfaces, which

means that surfaces have a great effect on their properties. In these devices gates
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are used to pattern the 2DEG, leaving large, exposed surfaces. In the following
the explanations and calculations are presented for the pinned and frozen models,

describing different surface behaviour.
5.2.1 Pinned Surface Approximation

It is usually assumed, especially for devices at room temperature, that the
Fermi energy EF is pinned at a fixed energy below the conduction band on free
surfaces of GaAs. This is an unambiguous assumption in equilibrium, when EF is
constant throughout the device. As soon as negative bias V, is applied to a gate on
the surface, it is no longer clear whether the free surface is pinned to Er in the
2DEG or to that under the biased gate. However the device would not produce a
quantum dot if the free surface was pinned to the gate, as no difference between
the surface and the gate would be seen from inside the material. Thus it must be
assumed that the free surface remains pinned to Erin the 2DEG. We take this as
the zero potential energy, giving a convenient boundary condition.

As a first approximation, we consider a complete circular gate on a
surface of radius Sy, confining a 2DEG underneath. The electrostatic potential at

(R,z) can be written

2zl

1 1 4RS
Rz)=—]S¢(s, =0)( ( }S
¢( < 71'0 ¢ < 22+(R_S)2 ,ZZ+(R+S)2}ZZ+(R+S)2

where S is a radial parameter on the surface and E is a complete elliptic integral
of 2nd kind. Considering the case when the electrostatic potential is entirely
determined by the voltage on the gate, ¢=V, for (S>a) which is appropriate for the

quantum dot (see Figure 5.4a'%), the above integral can be expanded and solved:

Vg|Z| I_ Rzaz —I

3
(Rz)=—F7F—F——=|1+—"
N Y] TR

(5.7)
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where a is the radius of the circular gate. The potential at the 2DEG can be

written
(a)

Exposed surface, ¢=0
Circular metal gate ¢=V; x |

d “~
b, 2DEG | #=Vq
Z
(b)
ﬁ :
)DEG  (-1,0) (0,0) surface (B,0) metal gate
$=V; $=0 =V,

Figure 5.4: (a) Geometry of the semi-infinite gate occupying x<0 on the surface
of the heterostructure which defines the plane z=0. The 2DEG lies in the plane
z=d with the region x>b occupied. (b) Conformal transformation to the £ plane.

The edge of the 2DEG maps to £=-1, and the edge of the gate maps to &=L.

(22 +a2)

Ve =Vr—

(5.8)

where V¢ is the cut-off voltage to completely deplete the 2DEG and Vr is the
threshold voltage for a bulk gate. The energy level spacing can be determined
from the curvature of the quadratic term in the bare potential. Maximising this it
can be found that the biggest single particle level spacing can be achieved when
b=d, where d is the depth of the 2DEG and b is the depletion width. The energy

level spacing in the dot then can be written
e)|3 a
AE :hJ — H—,/V l— 59
> (m 2V M\ a+22 J 6
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Taking b=d the maximum energy level spacing is

AE =n L2 Y 5.10
N m8d2 (5.10)

Substituting

_em*E.d

5.11
7T.'h28€0 ( )

T

into Equation 5.10 we get the expression for maximum level spacing

_[3 [ [Ee]_ara ]
max(AES)“‘/; ecoV d L@/d? 1) G12

taking the Fermi energy Er=21 meV and a/d=1 the energy level separation

AEs=10 meV using the pinned surface approximation. This value is significantly
greater than that obtained in the measurements. The reasons for this difference

will be discussed in the next sub-chapter.

5.2.2 Frozen Surface Approximation

If a pinned surface is assumed, charge must move from the 2DEG to the
surface in order to keep its potential constant in response to a change in gate
voltage V. This charge movement is possible at room temperature but seems
unlikely at low temperatures (at and below 1K) at which experiments on
nanostructures are usually performed, and the charge on the surface is most likely
to be frozen under these conditions. In this case the surface should be treated as a
simple dielectric boundary, with a fixed charge density, in response to a change in
V, applied at low temperature. This is the frozen surface. In this case again for a

circular gate we are looking for a solution in a form
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&z 4l a a
p=—"—"|tan" | = |-—F= (5.13)
d V&)
with boundary conditions

¢ — 0 when z — e and

%b =—-§ when z — —eo (5.14)

In Equation 5.13 £is the electric field and a is the radius of the electron pool, see

Figure 5.5b. Solving Equation 5.13, the potential at the 2DEG can be written:

2  _(a\ 2a
Ve =V, 1—-7;tan ] +7'—td— (5.15)

From Equations 5.13 and 5.15 the ratio between a and d for maximum single

particle level spacing can be calculated, see Equation 5.16:
a=+/3d (5.16)

The single particle level spacing can be written

AE —h\ﬁ o (5.17)
ST NmV m Jd(d? +a?) '

Substituting the expression for Vr into Equation 5.17 the maximum value
for single particle level separation can be calculated taking Er=21 meV and

d=35 nm.

max(AEs)=7.4 meV (5.18)
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to fabricate and measure our quantum dots. Both surface models are for bare
potential and this gives an upper estimate of the single particle energy level
separation in the quantum dot. At the opposite limit, where dots are full the
individual electron states are ignored and occupation is treated as a semi-classical
problem. As our results have confirmed the level spacing in our measured
quantum dots was closer to the result obtained in the frozen surface model. These
results were used to design and fabricate our devices to achieve the highest
possible energy level spacing.

We now consider approaches to the problem of an occupied quantum dot.
In surface gated quantum dots the edge’ and shape of the electron pool is
determined by the geometry of the patterned metal gates16 forming the dot and the
gate voltage applied to them. Variation of the bias on the metal gates controls the
distance between the edges of the gates and that of the electron pool inside the
dot, see Figure 5.6. It was shown'® that the density of electrons in the dot
increases from zero at the edge to its full value in the centre of the dot. The
distance between the edge of the electron pool and the gates will be used in
further analysis to determine the effective size of the electron pool inside the

quantum dot and thus the Coulomb energies.

Exposed surface

Metal gate /
T
: 2DEG
..................................... — bl

Figure 5.6: Geometry of the metal gate on the surface of a heterostructure. The

2DEG lies in the plane z=d, partially occupying it.

The depletion length b will be given in the frozen surface model which assumes
that the charge on the surface is fixed and cannot move in response to a gate
voltage. We assumed that the frozen surface model is realistic for devices

measured at low temperature as in the experiments.
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Chapter 5. Charging Effects in Quantum Dots

Vv
calculated values in Table 5.2. Calculating the V_g ratio for 28 nm and 36 nm
T

electron depth, the value comes to 2.7 and 2.23, respectively, which is in good
agreement with the experimentally obtained value. The above ratios correspond to
a quantum dot radius of a=45¢>55 nm. We assume the value of 50 nm for the

length of the depletion region">.

5.4 Measurements

5.4.1 350 nm Quantum Dot Z19A

The geometry of the first measured quantum dot Z19A is depicted in

Figure 5.7a. The geometry of this device significantly differed from those
measured later in the course of the project. The dot had a diameter of 350 nm
with point contacts at the entry and exit of the dot of 80-90 nm wide. (Assuming
4.10" m™ carrier concentration and a 50 nm depletion region, the number of
electrons in the dot was around 120). The measurement was performed at 1.2 K
by applying constant negative voltages to gates GI, G3, G4 and sweeping the
voltage on the middle plunger gate G2. The two QPCs, forming the quantum dot
showed very similar conductance plateaux, with the plunger bias slightly
affecting their conductance characteristics.
As illustrated in Figure 5.7b, each conductance oscillation corresponds to a
change of one electron in the dot. We can derive from the period of oscillations
AVp=61+0.3 mV a capacitance between the dot and the plunger gate
Cp=2.7-10""" F ignoring single particle energy differences.

As the bias on the plunger becomes more negative the period of
oscillations slightly increases indicating that the capacitance between the dot and

the plunger decreases with diminishing number of electrons in the quantum dot.

78



% ! 8¢ 1y )
< A
A
A7
AB
3" 0 C SN !
F E, : ;
$% $ J, a *
')
%% ! )
0C4C. .0K
) %+
+ + + + I+
* % )|
% ) %
* % )|
II+ )
% & $ !
1) ! 8(@(

+ 5 #
< A
cC.2
A %
V
>
M
+'CKK C(7 c(.
%: ? ID [ 1H: | <1A
) $ 1 & 13T I & * I $ %$
& $ $ $ % %
5,1 < F 5,4F <$ & E 5,1 < %
E " " % Lol +1 #01) o+
F,
. K
#0010 ) # 13 c4> ! 1) ! 6(8
# ! 68A #( 52 " ") + $
b + ) & ) !
) ( % | " * C P46d
2
L) + 11 "% 4 %P\AIIV(794Ag 1 + 9
) 3 # ( % | # %
+ ) % ) ! & ) # | ) & % *
) + $ ) ! C6A (



% 18( 1y ) + o 5 # oo

Cc20
C2K
Y c.o
5
C
c (6A
c'o
C)K C90 C9K C70 C7K
%: ? /D / 1H: | <1A
" OC)N& % $ ) $ & ] 5( $ %
% % $ $% $ J, a * 5,4) < F 5,b- < $ &
& % %$ ,
'CK
Hi
B
9
5
C
C9K Cc70 C7K coo COK
%: ? /D /| 1H: /| <1A
0OC(N & $ $ ) $ I & ] 6 $ $
% %% % $ J, a$ & %% 3 & 5,-F <
E 5,-F- <, ? $ % $ $ $ !

$% ,



Chapter 5. Charging Effects in Quantum Dots

5.4.3 150 nm Quantum Dot Z2B

This quantum dot had a more circular shape than those measured earlier,
making it easier to model this device. In this measurement it became apparent that
the shape and the position of the gates forming the quantum dot strongly affects
its characteristics, such as oscillatory behaviour, electron distribution and
depletion voltage.

The two QPCs were not characterised in this sample as the dot showed
oscillatory behaviour for a wide range of gate biases. The period of oscillations
sweeping the plunger gate was equal to 35 mV corresponding to 4.6-10'*F
capacitance between the plunger gate and the quantum dot. The period and the
shape of oscillations changed with greater negative bias on the plunger gate, see
Figure 5.9. The dot was made smaller by increasing the negative bias on the
surrounding gates while sweeping the plunger what resulted in oscillations with
4.5mV period giving 3.5-10" F capacitance between the gates and the dot
ignoring energy level differences in the dot. This value was significantly bigger
than that for the plunger gate showing the dependence of the capacitance between
the dot and the number and area of the gates. The blockade period varied
noticeably with gate bias. This suggests that the number of electrons in the dot
was small and that the underlying single particle energies had a significant effect

on the period.

5.4.4 150 nm Quantum Dot Z212B

This 150 nm quantum dot showed regular oscillatory behaviour over a
wide plunger gate voltage range. The two QPCs were characterised at different
plunger gate biases and showed very similar characteristics. The period of
oscillations when sweeping all gates connected together differed only slightly
from that when sweeping the plunger gate, indicating that GI, G2 and G3 were
interconnected in this sample. When all the gates were connected together the
oscillations started at -0.3 V and died out at -0.45V with a period of about

3.1 mV. During the course of the measurement the period of oscillations as a
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function of the gate voltage changed rather significantly. The period of
oscillations then fell between 6.6 and 20 mV, indicating a radical change in the

state of the sample probably due to the change in the local potential environment.

5.4.5 120 nm Quantum Dot Series Z27

The smallest surface gated quantum dots measured during the course of
the project were from the series Z27 with a 120 nm nominal diameter.
Considering the 50 nm depletion region at the threshold voltage, this is the
smallest feasible dot size for quantum transport measurement. As the
measurement showed, this dot size was too small to form an electron pool in the
middle of the dot, the potential well being apparently too shallow in it. Five
120 nm quantum dots were measured from the same series and all showed similar
characteristics.

Quantum dot Z27A showed rather noisy oscillatory behaviour at high
negative gate voltages, with low peak to valley ratio. The electron pool inside the
dot was made smaller by gradually increasing the bias voltages on gates G1, G3
and G4, which increased the depletion region between the gates and the electron
pool in the dot. As a result of this, the period of oscillations and the peak to valley
ratio increased at more negative voltage on the plunger gate, see Figure 5.10. This
indicated that plunger gate strongly affected the transport characteristics of the
quantum dot at high negative voltages on the surrounding gates.

Quantum dot Z27B also showed noisy characteristics similar to those of
Z27A, but at significantly lower negative voltages on the gates, see Figure 5.11.
The period of oscillations and the peak to valley ratio increased again at more
negative voltages on the plunger gate. The average oscillation period in the
covered plunger voltage range was 14.4 mV compared to 12.2 mV in Z27A. The
value of 14.4 mV corresponds to 1.1:10"" F capacitance between the plunger gate
and the dot. The period of conductance oscillations for sweeping gates G1/G2/G3
connected together in dot Z27A is twice as much as that in dot Z27B (9.4 mV and

4.5 mV respectively), what might be explained by the possible difference in gate

82



E

%

%

5 ’

18 (

c.)

0 C"KN&
% $
E1l1 <

% !

$

% :

$ %

% $

%

*

$

% :

C7K

$

?

’

% $

C4K

? /D

$
% $

/

1H:

#l n
COK
/| <1A
X % 10
$ & *
$ %
$%
Cc20
/| <1A
] 46 $ $
&

c40

] 4( % $

J

5,Eb<

C2K

F

5,E-
$
%
5,F



Chapter 5. Charging Effects in Quantum Dots

structure. However the origin of this difference has not been unambiguously

determined.
5.4.6 Double Gated 200 nm Quantum Dots

Three samples were measured with three double gated quantum dots on
each sample containing one single, one double and one quadruple quantum dot,
with the same diameter, 200 nm (Figure 5.12). The samples were backgated'’
using the chip carrier as a back gate. The distance between the surface of the
sample and the chip carrier was about 440 um. Probably due to this distance, the
change of the backgate voltage on the plane of the chip carrier (0 and -5 V) in a
measured gate bias voltage range resulted in a weak conductance modulation of
0.002 ¢°/h only. This low conductance modulation value indicated that the idea of
using the chip carrier as a back gate could not be successfully realised. The best
results were obtained for the single and double quantum dots, on both samples
Z216A and Z216B with similar oscillation periods in G/ and G2 (22+1.1 mV and
18+£1.2 mV respectively). Sweeping GI and G2 connected together resulted in
9 mV period indicating that the capacitance value of the gates connected together

to the dot is twice as big as that of either G/ or G2.

(a) (b) (©)

Gl G3 G5

L] L ] LN L
] [ [ U

G2 G4 G6

Figure 5.12: Schematic diagram depicting double gated (a) single, (b)double
and (c) quadruple quantum dots. The distance between each the gate pair

defining the single, double and quadruple quantum dots is 90 um.
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Chapter 5. Charging Effects in Quantum Dots

Self-consistent semiclassical calculations, using a method*® developed for
quantum point contacts, show that there are about 13 electrons on the 150 nm dot
Z2B when it just becomes isolated from the 2DEG reservoirs, with all gates
connected together. A gate voltage of -1.1 V was needed in the calculation, about
twice the experimental value, and the period of blockade oscillations was also too
large at 12 meV. This may be the indication that the surface charge is frozen,
rather than the Fermi energy pinned to that of the 2DEG as assumed in the
calculation; this would also lead to better confinement of the electrons by
reducing the screening of the central gate. Although all calculations agree that
there is a small number of electrons in the dot, they are very sensitive to the
precise dimensions of the gates and to the behaviour of the surface when applied
to our devices.

In case of the 350 nm quantum dot Z19A the agreement between theory
and experiment was much better, where there was a factor of two discrepancy
between the change in number of electrons predicted by the model (22) and that
seen in the experiment (38). Here the difference between the pinned and frozen
surface models should be less marked because the large dot itself plays the role of

an equipotential plane.

5.6 Discussion

Numerous surface gated quantum dots have been measured in the 350-
100 nm diameter range, in order to test the theory for single particle energy level
spacing in quantum dots. The number of electrons and the corresponding single
level spacing are shown in Table 5.3.

Assuming perfect screening, when the potential level in the quantum dot
centre is not raised, the average single level spacing can easily be calculated using

the relation

<2—— 5.21
AEg <27t (5.21)
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Chapter 5. Charging Effects in Quantum Dots

Conductance modulation data presented in Table 5.4 has been averaged
for each quantum dot at 1.2 K and at the same conductance value through the
quantum dots (0.2 ¢’/k), when the quantum point contacts demonstrated the same
transport characteristics.

Spectroscopy measurements had been performed on two quantum dots of
150 nm nominal diameter giving very intriguing results. These results will be

presented in Chapter 8.

5.7 Conclusions

Analytical calculations based on the pinned and frozen surface model,
proved that the latter gives a better description of the characteristics of the
nanostructures we measured during the course of the project. Using the frozen
surface approximation we could determine the physical parameters of the
quantum dot which would give the biggest energy level separation in the dot. The
main aim of this chapter was to test the theoretical calculations and fabricate the
optimal dot which was capable of functioning in the high temperature (above
1.2 K) regime. According to the frozen surface model, the optimal quantum dot

size to achieve the biggest single particle level spacing inside the quantum dot is

a=d+\3 (5.22)

where a is the nominal radius of the quantum dot and d is the depth of the 2DEG
beneath the surface of the semiconductor. Taking d=35 nm in case of the shallow
2DEG gives an effective dot diameter of 120 nm. Several surface gated quantum
dots have been fabricated and measured in the 350-100 nm nominal diameter
range. It was found that the 150 nm diameter quantum dots had the biggest period
of oscillations and peak to valley ratio, indicating the highest single particle level
spacing as predicted by the frozen surface model. These results were checked
using temperature dependence and DC source-bias measurements, which also

showed that the potential well for electrons inside the dot is most optimal for the
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150 nm dot size, see Equation 5.16. After this result has been established, in the
later course of the project detailed studies have been carried out on 150 nm
quantum dots. This studies also included spectroscopy measurements on 150 nm

quantum dots in the few electron regime which are presented in Chapter 8.
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Chapter 6

Temperature Dependence Measurements in
Quantum Dots

6.1 Introduction

The phenomenon of Coulomb blockade has been observed at
temperatures up to 300 K and beyond in systems such as granular films and
scanning probe tips,'> however realisation of useful device structures using these
technologies is difficult. On the other hand, structures such as metal-insulator-
metal tunnel junction arrays,® or laterally patterned quantum dots,>” are fully
controllable but require much lower temperatures for operation, again limiting
their utility. Tunnel junction structures generally show charging effects at
millikelvin temperatures, and this requires junction sizes 30 nm?” or less. Surface
gated quantum dots, which are easier to fabricate than ultrasmall tunnel junctions,
have so far only shown charging effects at temperatures of around 4 K.#'% Recent
work'! on a silicon single electron transistor demonstrated very strong Coulomb
blockade oscillations at 4.2 K, probably strong enough for this transistor to work
well above 4.2 K.

In this chapter we show that the range of operation of surface gated
quantum dots can be enhanced beyond 4 K through the combined use of shallow
heterostructure technology and high resolution electron-beam lithography. This
enhanced range of operation of our devices means that the experiments can easily
be performed without a dilution fridge and increases the potential usefulness of

these devices.
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6.2 Theory of Temperature Dependence

Two different theories have been developed for temperature regime
depending on the relation between the energies characterising the quantum dot.
There are three energy scales of importance in addition to k7 the charging energy
Ec, the energy level separation in the quantum dot AE with a fixed number of
electrons, and the width of the discrete energy levels in the quantum dot 7 As kT

is usually larger than I there are two interesting temperature regimes'*
E>kT>AE (6.1)
Ec>AESKT (6.2)

Equation 6.1 shows the inequalities for the multilevel regime because there are
more than one energy level within k7. As the energy level separation in the
quantum dot is mainly determined by the size of the dot, this regime applies
either to metallic artificial atoms or large semiconductor quantum dots. For
sufficiently small semiconductor quantum dots we can reach the limit when the
energy level separation is bigger than k7, see Equation 6.2. In this regime AE is
sufficiently big that the properties of the single energy levels in the quantum dot
are resolved.

To explain the quantum-mechanical effects in quantum dots, the constant-
interaction model™'* was developed. This model assumes that the charging
energy E( in the quantum dot is constant, independent of the number of electrons
added to it. In semiconductor quantum dots the energy level spacing is large
enough so that at low temperature only one energy level determines the
conductance. It was shown'’ that the constant-interaction model is too simplified
because the charging energy E( is not the same for every electron added to the
dot, but this model works well for a limited number of electrons in the quantum

dot.
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The theory for the resonant tunnelling of nonicteracting particles is found
to describe the behaviour of quantum dots reasonably accurately. At zero

temperature:

(6.3)

In Equation 6.3 E=x is the chemical potential, Ey is the value of the resonant
energy level, 7 and 7/ are the tunnelling rates (multiplied by /) through the left
and right barriers respectively, /=(/;+/;)/2 and p is the level degeneracy of the
resonant energy level in the quantum dot. At finite temperature the conductance is
given by the convolution of G(E) in Equation 6.3 with the negative derivative of

the Fermi-Dirac distribution function, and thus the conductance can be written:!2

e’ T,T, J‘dE I JTE-u]
=p—LE | = — 4
Os=py T D (E-E,) +T sech’| e | 64

The Lorentzian becomes a delta function in the limit /—>0. Hence Gg for narrow

resonances at high T is proportional to the derivative of the Fermi-Dirac function
(sech?[(E - 1) /2kT] / kT). Tn the experiments the chemical potential is varied

by changing the voltage V, on a gate electrode next to the quantum dot. If /< <<kT

Equation 6.4 reduces to:

2 T.T, kT [E,—aeV, |
Gs=pfh—n' LFRTLvechzl_o—

(6.5)

In Equation 6.5 ceVy is the chemical potential. Experiments® have shown that
Equation 6.4 is in excellent agreement with experimental shapes of conductance

peaks.
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In the multilevel regime the conductance through the dot is given by: 16

oI, T -oeV —oeV
¢ g He £ cosech) P~ %% (6.6)
r kT kT

where p is the density of energy levels and (¢ is the chemical potential for which
there is a charge degeneracy point for the quantum dot. So uc /ae is the gate
voltage at which the states with N and N+1 electrons have the same energy,

which is the condition for a conductance peak. Equation 6.6 can be approximated

in the form:

2pI,T —0eV
G, == % LR sechz[uc.—g} (6.7)

The shapes of the conductance peaks for the two different regimes are
indistinguishable, but there is a significant difference in the temperature
dependence. The peak height for the single level conductance is proportional to
1/T, whereas for the multilevel conductance it is temperature independent. The
other difference is that the full width at half maximum of the peak is 3.5 kT for

the single level case and 4.35 kT for the multilevel case.

6.2.1 Line Shape of Coulomb Blockade Oscillations at and above
1.2K

The line shape of Coulomb blockade oscillations can be fitted well by
thermally broadened Lorentzians. We show that our temperature dependence data

can be fitted to a thermally broadened Lorentzian'®, see Equation 6.8:

2
- r/2
e’ A cosh'z(E ) (L/2)m dE 6.8)

G=———
h 4kT 2kT J(r/2)? +(E- Eq - 1)’

—o0
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where A is a temperature-independent value, /" is the Lorentzian full width at
half-maximum. This integral can be evaluated in dimensionless units, see

Equation 6.9:

GT=~ ] cosh'z(-g—\ 2}/ /2 5 de (6.9)
2)(y 12)? +(e — &)

—00

o (Ey) B T
W =\ P00 Y T

E
The integral in Equation 6.9 is plotted as GT versus k_ZO‘ for different values of

r E
2B, see Figure 6.1. The first four points on the graph between O and 3 _k% fits to
0

the data on quantum dot Z2B (conductance valley M1, see Figure 6.4), within
50 % accuracy.
From Equation 6.9 and Figure 6.1 it can be observed that at a given Ey, for

I'=0, GT decreases to zero and for a finite I', G saturates at low T.

r
It is easily detectable from Figure 6.1 that the curve with 2_E_=0'1 fits
0

best the experimental data (indicated by M1) in Figure 6.6. This indicates a value

of AE=0.65 meV obtained between 1.2 and 5.6 K.

6.3 Measurements

Temperature dependence measurements were performed on seven surface
gated quantum dots to determine experimentally the temperature range of
operation for our devices. The following subsections detail the main experimental
temperature dependence features of our quantum dots with different nominal

quantum dot diameters.
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6.3.1 350 nm quantum dot Z19A

This four gated quantum dot with the largest diameter of 350 nm showed
a few thermally broadened oscillations at 1.2 K. When swept independently, the
entrance and exit point contacts exhibited quantization in their conductance
although there were additional resonances superimposed. This additional
structure may be attributed to quantum interference effects in the potential
landscape surrounding the point contact, arising from the presence of the other
gates.6 Generally an isolated point contact on this shallow material exhibits
quantization with little additional structure.

To achieve the Coulomb blockade regime in this dot high negative
voltages, between -0.8 and -1.0 V were applied to the surrounding gates, see
Figure 6.2.

The amplitude and the period of oscillations varied significantly in this
sample, and the conductance of the dot decreased with more negative voltage on
the plunger gate. At 4 K at around -0.91 V plunger gate voltage there are a few
weak oscillations indicating a smearing temperature of about 4 K. The minimas
of oscillations did not reach the value of zero conductance because of the high

sample temperature of 1.2 K.

6.3.2 250 nm Quantum Dot Z20A

This quantum dot had the gate structure schematically illustrated in
Chapter 3, Figure 3.4.b, with the plunger gate drawn into the centre of the dot
which served the purpose of investigating the effect of the position of the plunger
gate on the dot’s behaviour. This quantum dot showed very clear, well resolved
oscillations at 1.3 K, with increasing amplitude at higher negative voltages on the
plunger gate. The gate voltages needed to reach the Coulomb blockade regime in
this dot were more positive by 0.2 V than those in quantum dot Z19A, reflecting
the difference in their geometries. The conductance oscillations start smearing at
1.6 K, but they are still strong at 2.9 K. The oscillations are just perceptible at

40K and disappear at around 5.0 K. The overall conductance increases with
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Chapter 6. Temperature Dependence Measurements in Quantum Dots

increasing temperature, indicating the effect of thermal smearing, see Figure 6.3.
The smearing temperature of around 4 K gives the energy level separation inside
the dot of around 1.8 meV. As the temperature is increased only Coulomb
oscillations at the most negative plunger voltages remain visible, when the
number of electrons in the quantum dot is the smallest, thus the energy level

separations are the biggest, which results in higher smearing temperature.

6.3.3 150 nm Quantum Dot Z2B

This quantum dot with its plunger gate withdrawn from the centre of the
dot by about 20 nm compared to the position of the plunger of dot Z20A, showed
conductance oscillations at the highest temperature reported so far in surface
gated quantum dots.17 The oscillations were well separated at 1.3 K, with varying
period and maximas levelling out at more negative voltage on the plunger gate,
see Figure 6.4.

The amplitude of oscillations starts to decrease gradually above 1.3 K but
the oscillation peaks are still readily distinguishable at 4.0 K. The peaks of
oscillations above 1.3 K start shifting in comparison to the peaks of oscillation at
1.3 K. As the temperature increases the amplitude of oscillations decreases and
partially smears out at 7.7 K. There are still some well distinguishable oscillation
peaks at 7.7 K, see Figure 6.5. The period of oscillations at 7.7 K slightly
increases compared to those at 5.6 K and 6.8 K.

To find the energy level separation in the quantum dot which determines
the smearing temperature of a certain conductance peak, we plot the In(GT) as a
function of I/T, where G is the conductance of a particular oscillation minimum
at different temperatures and 7T is the sample temperature. As an oscillation
minima represents an energy gap between energy levels in the dot ( when the
number of electrons inside the quantum dot is necessarily fixed), by plotting the
In(GT) versus 1/T curve for each oscillation minimum we can determine the
energy level structure in the quantum dot in the measured gate voltage (chemical

potential change) range, see Figure 6.6. Although the higher T points obey the
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Chapter 6. Temperature Dependence Measurements in Quantum Dots

exponential relationships quite well, the lower T points show signs of saturation
due to the finite I" values.

From Figure 6.6 it is apparent that the energy gap significantly changes in
the dot depending on the number of electrons in it. The gradient of the three lines
determining the temperature dependence of three adjacent oscillations changes
rather significantly, probably indicating that state of the many-electron system
significantly changes every time an electron is removed from the quantum dot.

The conductance oscillations smear out when kT>AE, where AE is the
energy gap between the energy levels in the quantum dot. In our case it would
mean that the oscillations should smear out at about 30 K. The smearing
temperature is much lower than this in our quantum dots which could be
explained with the electron temperature being significantly higher than the

sample temperature.

6.3.4 150 nm Quantum Dot Z212B

This other 150 nm quantum dot had similar temperature dependence to
that of Z2B, at significantly less negative gate voltages. The Coulomb blockade
oscillations were persistent over a narrow gate voltage range, as in this sample
gates G1, G2, G3 and G4 were interconnected. The strong oscillations were
slightly shifted towards less negative gate voltages as the temperature increased,
see Figure 6.7. There are strong, thermally broadened oscillations at 1.2 K which
start smearing out at 1.5 K. The oscillations are still strong at 4 K but the
amplitude of oscillations drop above 4 K and significantly decreases between 4 K
and 6 K, see Figure 6.8. There are some weak Coulomb blockade oscillations
detectable at 7.1 K, but they smear out above 7.1 K. The Coulomb oscillations are
most persistent at 7.1 K in the gate voltage range -0.41--0.44 V, where the
amplitude of oscillations is the biggest at lower temperatures. The smearing
temperatures are very similar in both 150 nm quantum dots indicating roughly
similar energy gap values and energy level structure in them. The In(GT) versus

1/T dependence is shown in Figure 6.9, with the values of energy gaps indicated.
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