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Abstract

This thesis consists of work carried out to investigate the defects, charge

states and spin properties of phosphorus doped silicon. This investigation is

motivated by a number of proposals for quantum information processing that

involve using the spin or charge of individual donors in silicon as qubits.

The work begins by investigating the implantation of phosphorus into sil-

icon; specifically the ability to remove damage and activate the implanted

donors. This problem has been studied in detail for high dose implantation

for room temperature operation, due to its importance in conventional silicon

microelectronics. However, in this thesis the impact of implantation on the

transport properties of silicon MOSFETs at cryogenic temperatures is used to

investigate the damage in a regime where QIP devices are expected to operate.

The implantation of phosphorus into the channel of the MOSFET is found to

reduce the mobility of the device by increasing the charge carrier scattering

from ionised impurities. The increase in defect density is found to be a linear

function of the implant density, with a proportionality factor of 0.08 ± 0.01.

Similar measurements on devices with silicon implantation do not show this

effect, leading to the conclusion that the increased defects are in fact ionised

phosphorus donors in the channel of the MOSFET. Implant activation for low

density donors was determined, by room temperature threshold voltage mea-

surements, to be unity for an implant density of 2 × 1012cm−2.

Similar low temperature studies were undertaken on devices with a variety

of dielectric materials. Thermally grown silicon dioxide was found to have

the lowest defect density of the materials studied, although aluminium oxide

deposited via atomic layer deposition was found to have properties that may

be useful for the fabrication of devices with low thermal processing budgets.

The as grown defect density of the thermal silicon dioxide was found to be

2.1 ± 0.3 × 1011cm2, which may allow development of QIP devices containing

one or two qubits but will need to be improved for larger scale implementation

Ion implantation of nanoscale devices was then used to allow the spin prop-

erties of a small number of phosphorus donors in silicon to be probed via elec-



trically detected magnetic resonance. This technique detects spin resonance by

the change in current caused by the change in the recombination rate of pho-

toexcited carriers when electron spin resonance conditions are satisfied, and

is significantly more sensitive than conventional electron spin resonance. By

combining this technique with devices where the current is restricted to flow

through a very small region containing a small number of donors, the reso-

nance of as few as 100 spins was observed. This represents an improvement of

at least 7 orders of magnitude than conventional electron spin resonance, and

4 orders of magnitude over previous EDMR studies of donors in silicon.

This technique was then used to investigate the properties of P donors in

isotopically purified 28Si . The material was found to have a background dop-

ing level too high to allow the detection of small numbers of spins, however,

the narrow linewidth (Bp−p < 0.04mT) of the phosphorus resonance was used

to determine that the isotopic purity was better than 0.999.

A proof of principle demonstration of pulsed EDMR of ion-implanted donors

in silicon presented. This measurement of the spin dependent transient that re-

sults from manipulating the donor spins via pulsed ESR is show to be sensitive

to as few as 104 donors, and is a required component for observation of spin

Rabi oscillation by this technique.

Finally, initial measurements of a new device architecture for the detection

of EDMR in the channel of a Si-MOSFET is presented. This device may allow

the detection of EDMR on microsecond timescales at millikelvin temperatures.
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Chapter 1

Introduction

1.1 Silicon, Electrons, and Classical Computing

The modern semiconductor industry is based on a single element - silicon. Sil-

icon is used to fabricate one of the most technologically important and ubiq-

uitous electronic devices, the Silicon Metal-Oxide-Semiconductor Field-Effect-

Transistor (Si-MOSFET). MOSFETs are used in operational amplifiers, as ana-

log switches, for basic physics research and, importantly, they form the basis

of modern computers.

The continuing ability of the semiconductor industry to decrease the size

and increase the yield of MOSFETs has led to the increase in computing power

as more devices are able to be placed on a single chip. In 1965, Gordon Moore

[1] predicted that the power of personal computers would increase exponen-

tially, with a doubling of the number of transistors (which he equated with

computing power) on a chip every 18 months. This prediction, which has come

to be known as Moore’s Law, has held for nearly forty years.1

1It is important to note that Moore’s law itself may be driving the roadmap for increasing

power, becoming in effect a self-fulfilling prediction.
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1.2. Silicon, Spin, and Quantum Computing

1.1.1 Decreasing the Size of Semiconductor Devices

Whilst there are difficult technical challenges to be faced in the fabrication of

increasingly smaller electronic devices, there are more fundamental challenges

to overcome. At the very small characteristic device sizes now being utilized,

the effect of quantum mechanics begins to play a much greater role in the de-

vice operation. It is these quantum mechanical effects which presently moti-

vate much of the research into mesoscopic devices in the physics community,

and which also lead to suggestions of utilising such phenomena in quantum

electronic devices.

1.2 Silicon, Spin, and Quantum Computing

Any electronic device in which the operation of that device is dominated by

quantum mechanical effects can be considered a quantum electronic device.

However, a more intriguing device is one in which the quantum mechanical

effects allow us to do things that are not possible with classical electronics.

An example of an application of this type of device is in quantum compu-

tation. In classical computation, there exist types of problems that are difficult

to solve, in effect becoming exponentially harder as the problem becomes lin-

early more difficult. An example of this is the factorisation of a number, n, into

its prime factors. The most efficient classical algorithms to determine the fac-

tors requires an running time proportional to exp(c(log(n))1/3(log log(n))2/3),

which, since n is only log(n) bits in length, increases exponentially with the

size of the number [2]. This property has allowed the development of crypto-

graphic systems that rely on the inability to efficiently factorise the product of

two large numbers efficiently, such as RSA [3].
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1.2. Silicon, Spin, and Quantum Computing

However, in 1994 Peter Shor developed a scheme for using the quantum

mechanical properties of superposition and entanglement to factorise large

numbers in polynomial time [4]. The development of this algorithm has led

to a large amount of research into the feasibility of fabricating a system which

would allow enough control of quantum mechanical properties of a system

to implement this algorithm. This and other algorithms, such as the search

algorithm by Grover [5] which increases the efficiency of searching unsorted

lists from n-time to
√

n-time, showed that it was feasible to obtain improved

computational outcomes using quantum mechanical systems. Schemes have

also been developed to perform quantum error correction, such as the scheme

of Steane[6, 7], allowing fault tolerant quantum computation [8]. These two

developments, showing that in principle quantum computing is useful and

achievable, have motivated much of the recent research into QC and QIP.

1.2.1 Quantum Computation

A standard formulation for the implementation of quantum computation in-

volves using the quantum mechanical basis states of a two level system ( say

the spin of an electron) called for example |0〉 (for, say, spin up) and |1〉 (spin

down) as a quantum bit (qubit). However, where the classical states of 0 and 1

are discrete, a qubit can exist in any arbitrary superposition of the basis states,

|ψ〉 = α|0〉 + β|1〉. Also important in QC is the property of entanglement,

which is the ability of 2 particles to exist in a state, |ab〉, that cannot be de-

scribed as a product of the two single states, |a〉 and |b〉 [9]. Using these two

properties, it is possible to implement the algorithms described above which

provide increased computational power for certain tasks.

It is, however, the physical implementation of such a system that remains
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1.2. Silicon, Spin, and Quantum Computing

challenging. Whilst many unique and inventive solutions have been proposed,

ranging from from ion traps [10] to number of Cooper pairs on a small super-

conducting island [11], and even small scale demonstrations of Shor’s algo-

rithm using liquid state nuclear magnetic resonance [12], no system has been

developed to an extent that fulfills the requirements set out by DiVincenzo for

the realisation of a fully scalable Quantum Computer[13]. These requirements

are that the proposed system:

1. is scalable and well characterised,

2. can be accurately placed into a known initial state,

3. provides the ability to readout the quantum state,

4. has a long coherence time when compared to the time taken to perform a

gate operation, and

5. provides the ability to implement a universal set of gate operations

It is useful to use these criteria to evaluate potential QC architectures with

regard to their suitability as potential QIP systems.

1.2.2 Silicon Based QC Architectures

Amongst the architectures that have been proposed, the semiconductor im-

plementations have a number of properties that make them promising candi-

dates. The range of proposals in this regime cover both elemental (eg silicon)

and compound (eg GaAs) material systems. Numerous quantum states have

been proposed as qubits, such as the number of electrons in a quantum dot

[14–16], the nuclear spin state of an isotopically impure 29Si atom in a spin free

4



1.2. Silicon, Spin, and Quantum Computing

Figure 1.1: a) Schematic representation of the nuclear spin based quantum computer

architecture proposed by Kane [19] and (b) the electron charge based architecture of

Hollenberg et al [26].(Figure courtesy of V. Chan [27])

28Si crystal [17] or the nuclear[18–20] and electronic [15] spin of a dopant atom

in silicon or SiGe.

Benefits of a semiconductor implementation include the amount of fabri-

cation expertise that exists due to the industrial applications of the material

[21–23], the expertise in controlling both the chemical2 and isotopic [25] pu-

rity of the constituent materials, and the ability to form high quality insulating

barriers.

A typical example of a device of this type is the architecture proposed by

Kane [19], which is shown schematically in figure 1.1(a). The Kane model uses

the nuclear spin state of periodically arranged phosphorus donor in isotopi-

cally pure 28Si as the qubits. The interaction between neighbouring qubits is

provided by the the exchange interaction between the extra electron bound to

each of the donors. Manipulation of the nuclear spin is achieved using electron

spin resonance, the individual donors being addressed by the Stark shift of the

2For example, chemical control of the doping density in commercially available silicon is at

least as good as 1 part in 1010 [24]
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donor electron on the selected donor by surface gates aligned to each donor.

The readout method proposed by Kane involved a spin to charge conversion

by spin dependent tunnelling of the electron to an adjacent donor, with the

position of the electron monitored with a single electron transistor.

The use of donors in silicon has the additional advantages to those that are

generic to all semiconducting proposals. These include a very long nuclear

spin lifetimes of at least 10 hours [28, 29]. Technologically, the availability of

isotopically purified silicon with purity greater than 99.92%, which is neces-

sary to provide the spin-less crystal, is beneficial [25], as is the ability to call

on the experience gained from the use of silicon for conventional computation

devices, such as the fabrication of high quality Si-SiO2 interfaces.

A number of similar proposals use elements of the Kane architecture, but

have been adapted to overcome perceived problems, such as the difficulty

in implementing spin to charge conversion. An example is the charge based

quantum computer proposed by Hollenberg et al [26]. This scheme proposes

to use the position of an electron on one of two phosphorus donor atoms in

silicon as the two basis states of a charge-qubit. An example of this is shown

schematically in figure 1.1(b). Whilst relinquishing the benefits that come with

the extremely long coherence times of the P donor nuclear spin, the readout of

mechanism in this architecture should be easier as no spin to charge conver-

sion is necessary.

The electron spin of the donor electron on phosphorus in silicon is also

considered a good candidate for quantum computation [30]. This qubit has

the advantage of being easier to readout than nuclear spin qubits. However,

this is offset by the shorter coherence times of the electron spin, which has

been measured at 3ms at 7K [31]. This however, is still much longer than the
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coherence times in other related structures such as coupled quantum dots in

GaAs, where coherence times of 1μs are considered long [32]. Silicon also has

an extremely small spin-orbit interaction [33], which allows spin to move about

the device with less effect on the spin than in other, high spin-orbit materials.

It is important to note that the ability to fabricate a donor based charge or

electron spin qubit is a prerequisite for the fabrication of a Kane architecture

device.

1.3 Aim and Outline of the Thesis

The aim of this thesis is to investigate the spin and charge properties of phos-

phorus donors in silicon. If a silicon based quantum computer is to be built, it

is important that the properties of the system that are important for quantum

information processing be well understood. To that end, this thesis investi-

gates the charge and spin properties of phosphorus donors in silicon.

Chapter 2 provides background information on electron spin resonance

(ESR), electrically-detected magnetic resonance (EDMR) and a brief survey of

methods for detecting single spins in the solid state.

Chapter 3 gives details of the experimental techniques used for both fab-

rication and measurement of the devices that will be used to investigate the

properties of the Si:P system. This involves the use of standard micro- and

nano-scale processing techniques, as well as customised fabrication and elec-

trical measurement techniques.

Chapter 4 looks at the effect of incorporating phosphorus into silicon, par-

ticularly creation of charge defects caused by ion implantation. This is achieved

through investigating the low temperature transport properties of ion implanted

7
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silicon MOSFETs. The ability to electrically incorporate donors into the silicon

crystal matrix with minimum damage is critical for the fabrication of a work-

ing donor based QC.

Chapter 5 investigates the effect that different barrier dielectric material

has on device performance. This is important in developing device fabrication

schemes for future silicon based devices.

Chapter 6 investigates the spin dependent transport properties of ion im-

planted Si:P nanostructures. Electrical detection of magnetic resonance is the

method used for these investigations, a technique which is shown to be sensi-

tive enough to investigating systems with fewer than 100 donors. These results

provide a pathway towards the detection of a single donor spin, which is nec-

essary for QC.

Chapter 7 looks at the effect of isotopic purification on the same types of

devices investigated in chapter 6. Isotopic purification of silicon removes the

nuclear spins that normally surround donors, leading to increased coherence

times.

Chapter 8 reports a proof-of-principle implementation of pulsed EDMR in

an ion implanted structure. This demonstration shows that it is possible to use

the standard manipulation techniques available in ESR in the EDMR regime.

Chapter 9 contains conclusions and final remarks, and is supplemented by

Appendix A which contains initial experimental work towards a new scheme

for fast timescale EDMR, which is reported here to motivate future work.

8



Chapter 2

Theory and Background

This chapter introduces the Zeeman and hyperfine interactions, and the effect these

have on the energy level spacing of a donor electron. The theoretical end experimental

background of electron spin resonance are reviewed, and the effect that electron spin

resonance has on the photoconductivity of a doped semiconductor is outlined.

This chapter gives an outline of the basic principles of magnetic resonance

as well as its experimental realisation. It first looks at the energy level dis-

tribution of an electron coupled to a spin 1/2 nucleus in a magnetic field. It

then outlines the process involved in electron spin resonance, which enables

the energy level spacings of systems to be extremely accurately determined. A

method of detecting magnetic resonance via its effect on photoconductivity is

then described, as this experimental technique will be utilised extensively in

this thesis.
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2.1. Energy Levels of an Electron in a Magnetic Field

2.1 Energy Levels of an Electron in a Magnetic Field

Of fundamental importance in the study of semiconductor systems is the dis-

tribution of energy levels, as this knowledge allows the exploitation of semi-

conductor devices in numerous ways. For example, knowledge of the energy

level distribution of dopants in semiconductors led to the development of the

p-n junction diode. More complex devices, such as resonant tunneling diodes,

which consist of two closely spaced tunnel barriers separating the source and

drain from a quantum well, operate by allowing a current to flow only when

the energy levels in the source and drain are aligned with the energy level of

the well. To obtain optimal operation of such devices, it is necessary to both

know the distribution of the energy levels, and be able to modify them by

varying the device parameters, such as the thickness of the quantum well [22].

In the section below, the electron energy level distribution for an electron

bound to a donor in the presence of a magnetic field is discussed in more detail.

The Hamiltonian of a free electron in a magnetic field due to the Zeeman

interaction of the electron spin and the field is:

HEZ = geμBB.S (2.1)

where S is the spin of the electron, ge the electron g-factor, μB the Bohr

magneton and B the magnetic field vector. The magnetic field is convention-

ally defined to be pointing in the z-direction (B = {0, 0, B}). The eigenstates

of this system are spin up, | ↑S〉, and spin down, | ↓S〉, which leads to:

EEZ = geμBBSz (2.2)

where Sz is the magnitude of the electron spin in the z-direction which may
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2.1. Energy Levels of an Electron in a Magnetic Field

only take the values Sz = +1/2,−1/2.

Additional terms of the Hamiltonian are needed when electrons are bound

to nuclei which also have a spin. The first is due to the nuclear Zeeman inter-

action, given by:

HNZ = gnμnB.I (2.3)

where gn = 1.13 is the nuclear g-factor, μn the nuclear magneton, and I the

nuclear spin. However, this interaction is negligible when compared to the

electron Zeeman interaction (geμB/gnμn = 3250), and is thus ignored.

The energy of the electron is also changed due to the contact hyperfine

interaction resulting from the overlap of the electron wavefunction with the

nuclear wavefunction. Effectively, the electrons see the magnetic field from

the nuclear spin magnetic moment, and an additional term needs to be added

to the energy to account for this:

HHF = AS.I (2.4)

where A is the magnitude of the hyperfine coupling, I is the nuclear spin.

A is found by determining the overlap of the electron and nuclear wavefunc-

tion[34]:

A =
8π

3
(gn.μn).(ge.μB).|ψelectron(0)|2 (2.5)

where ψelectron(x) is the electron wavefunction. Thus, the Hamiltonian of

the system is given by:

H = HEZ + HHF = geμBB.S + AS.I (2.6)

The basis states of the electron-nucleus spin pair are defined to be the four

possible projections of the nuclear and electron spin doublet onto the z-direction
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2.1. Energy Levels of an Electron in a Magnetic Field

Figure 2.1: Energy levels for a spin 1/2 electron donor on a spin 1/2 Nucleus. The

inset shows the deviation from the linear Zeeman splitting at low field where the hy-

perfine interaction and the Zeeman interaction have a similar magnitude.
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2.1. Energy Levels of an Electron in a Magnetic Field

in the absence of any interaction:

| ↑S, ↑I〉, | ↑S, ↓I〉, | ↓S, ↑I〉, | ↓S, ↓I〉.
The eigenstates of this system are [35, 36]:

ψ1 = | ↑S, ↑I〉 (2.7)

ψ2 = α| ↑S, ↓I〉 + γ| ↓S, ↑I〉 (2.8)

ψ3 = | ↓S, ↓I〉 (2.9)

ψ4 = α| ↑S, ↓I〉 − γ| ↓S, ↑I〉 (2.10)

where [35]:

α =

⎧⎨
⎩1 +

[
gμBB

A
−

√
1 +

(gμBB)2

A2

]2
⎫⎬
⎭

−1/2

(2.11)

γ =

⎧⎨
⎩1 +

[
gμBB

A
−

√
1 +

(gμBB)2

A2

]−2
⎫⎬
⎭

−1/2

(2.12)

In the high field limit, gμBB 	 A, α → 1 and γ → 0, and the basis states

become the eigenstates. In effect, the Zeeman interaction dominates over the

hyperfine interaction, and the two spins are effectively uncoupled. When B =

0, α = γ = 1√
2
. In this limit, there are three triplet (total spin F = S + I = 1)

states:

ψ1 = | ↑S, ↑I〉 (2.13)

ψ2 =
1√
2
(| ↑S, ↓I〉 + | ↓S, ↑I〉) (2.14)

ψ3 = | ↓S, ↓I〉 (2.15)

and one singlet (F = 0) state:

ψ4 =
1√
2
(| ↓S, ↑I〉 − | ↑S, ↓I〉) (2.16)
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2.2. Introduction to Electron Spin Resonance

At B = 0, the energy of the three triplets, E1 = E2 = E3 = A, and the

energy of the singlet, E4 = −3A, where A is the hyperfine coupling constant.

However, in this thesis all resonance experiments will be performed in the high

field limit (B ∼ 300mT, gμBB/A ∼ 70) where the Zeeman energy dominates,

and the energy of the levels is:

E1 = gμBB + A (2.17)

E2 = gμBB − A (2.18)

E3 = −gμBB + A (2.19)

E4 = −gμBB − A (2.20)

The energy distribution as a function of magnetic field for the donor elec-

tron on a P donor (with nuclear spin 1/2) in silicon is shown in figure 2.1.

2.2 Introduction to Electron Spin Resonance

This section provides an introduction to electron spin resonance, following

those given in references [35],[37] and [38]. First, the energy level structure

determined in the previous section is used to determine the requirements for

ESR regarding the energy and selection rules of ESR transitions. This section,

which uses an approach based on the resonant absorbtion of microwave pho-

tons, allows the expected resonance spectra to be easily determined. Later, the

phenomenological approach to ESR, which involves solving the Bloch equa-

tions [39] for the classical motion of magnetization in a magnetic field, is out-

lined. This approach treats the microwave photons as an oscillating magnetic

field, and has the advantages of allowing greater understanding of the dynam-
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2.2. Introduction to Electron Spin Resonance

ics of the spin system due to the resonant excitation, as opposed to the spectra

that results from the system being measured.

2.2.1 Photon energy

ESR uses the resonant absorbtion of photons to experimentally determine the

energy level spacings. Usually, the sample is irradiated with microwaves of a

fixed frequency, f . If the energy of the photons:

E = h f (2.21)

is identical to the energy level separation of the system then an increase in

the absorbtion of microwaves by the sample will be observed. However, whilst

it is necessary for the photon energy to equal the energy level spacing, this in

itself is not the complete requirement for ESR. There exist further selection

rules based on the quantum properties of the system that determine the actual

allowed transitions, and these are discussed below.

2.2.2 Selection Rules for Allowed Transitions

Spin is a conserved quantum number. As a result, any transitions involved

with ESR must conserve spin. The resonant absorbtion (or induced emission)

of a photon with spin 1 can only have a change in spin, ΔM = ±1. Figure 2.2

shows the change in spin for transitions between the four eigenstates of the

P donor in silicon in the high field limit. The allowed transitions for electron

spin resonance, ΔMS = ΔM = ±1, are shown by the green arrows. Corre-

sponding nuclear magnetic resonance transitions, which are due to changes in

the nuclear spin state, ΔMI = ΔM = ±1, are indicated by the blue transitions.
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2.2. Introduction to Electron Spin Resonance

Figure 2.2: Schematic representation of the allowed ESR transitions between the four

spin eigenstates of the P donor in Si in the high field limit.

Transitions involving a simultaneous change in both the nuclear and electron

spin are forbidden (ΔMS = ΔMI = ±1, ΔM = 0,±2)

To observe ESR experimentally, a sample is usually placed in a resonant

circuit (eg a resonating cavity) and a quasi-static (DC) magnetic field applied.

Microwaves are applied to the cavity at a fixed frequency. The quasi-static

magnetic field is swept slowly, and any change in the absorbtion or dispersion

circuit (due to the sample) is recorded. Since such a change will only occur

when the resonance condition of the are met, and the spin system is able to

absorb and dissipate the microwave power, the absorbtion spectra indicates

that the energy level spacing of the system is identical to the energy of the

applied microwaves.

Figure 2.3 shows the energy level spacing and spin configuration for Si:P at

B ∼ 300mT. The selection rules for transitions allow only transitions between

states (| ↓S, ↑I〉and | ↑S, ↑I〉) and (| ↓S, ↓I〉and | ↑S, ↓I〉). At a fixed microwave

energy (frequency), in this case 38.2μ eV(9.23GHz), there is only one magnetic
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2.2. Introduction to Electron Spin Resonance

field that satisfies Δ E = h f for each transition. The spectrum expected for this

system is thus two absorption peaks spaced by 4.2mT, shown in figure 2.3b.

To allow greater sensitivity, the DC magnetic field can be modulated and

the change in absorbtion of the cavity monitored by a lockin technique[40, 41].

This results in the measurement of the change in absorbtion, dA/dB, which is

shown schematically in figure 2.3c.

Whilst it was necessary to consider the presence of the nuclear spin in de-

termining the energy level structure, this section has shown that, in the high

field limit in ESR, only changes in the electron spin are observed. In the re-

mainder of the treatment of ESR, the nuclear spin component of the eigenstate

will be neglected, and discussion limited to the changes in the electronic spin.

2.2.3 Transition Probabilities and Detection of ESR

The probability for a transition from | ↓〉to | ↑〉(resonant absorption), W↓⇒↑,

is equal to the probability of a transition from | ↑〉to | ↓〉(induced emmission),

W↑⇒↓. In ESR, this probability is given by:

WEPR =
1
4
(
−gμB

h̄
)2B2

1g(ν) (2.22)

where B1 is the magnitude of the oscillating magnetic field perpendicular

to Bz and g(ν) is a form function for the transition, which is normalised by:

∫ ∞

0
g(ν)dν = 1 (2.23)

If the occupation of | ↑〉and | ↓〉were equal, then no energy could be trans-

fered to the spin system. However, the energy level seperation caused by the

application of a magnetic field gives rise to a Boltzmann distribution of elec-
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Figure 2.3: Energy levels for a spin 1/2 electron on a spin 1/2 nucleus showing the

two resonances for a fixed microwave frequency.
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trons in the two levels. This polarisation gives rise to a net absorbtion in the

spin system.

This polarisation need not be very large for ESR to be observed. Consid-

ering the electron bound to P in Si at 4.2K, with an applied magnetic field of

330mT ( a common experimental regime), then the polarisation of the system

P =
N|↑〉−N|↓〉

N|↑〉
= 0.053, which indicates that only approximately 3 in 100 spins

are oriented differently than they would be if the system was unpolarised.

In the absence of any other dissipation method, as the spins absorb the res-

onant microwaves the population will move towards equality, at which point

net absorbtion will vanish and the ESR signal become unmeasureable. How-

ever, realistic physical systems have a variety of other dissipation methods,

usually involving inelastic spin scattering with the phonon bath, that allow re-

laxation from the excited to the ground states, allowing a polarised equilibrium

population distribution to form. The effect of this dissipation on the dynamics

of the spin system is discussed later in the next section.

2.3 Bloch Formalism

Whilst it is relatively simple to determine the ESR spectra that will result using

the method outlined above, little information is gained about the dynamics of

the spin system under ERS conditions. In this section, the phenomenological

Bloch equations are introduced, following the outline in references [37] and

[38].

By considering the spin system as an ensemble of magnetic moments, Bloch

[39] showed that the equation of motion of a free spin system was given by:
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2.3. Bloch Formalism

dM

dt
=

−gμB

h̄
(M × B) (2.24)

where M is the net magnetization of the ensemble of spins. The net mag-

netization is related to the expectation value of the spin system by MS =

−gμB〈S〉.
In the case with the magnetic field in the z-direction and the spin in ei-

ther of the two basis states (| ↑〉or | ↓〉), the magnetization is found to precess

around the magnetic field vector with frequency ωL = gμBB0/h̄, the Larmor

frequency.

The effect of the application of microwave radiation can be considered by

the addition of a small oscillating component to the magnetic field, perpendic-

ular to the static field. The magnetic field vector becomes B = B0z + B1(t)x. In

the laboratory frame, the microwave field can be considered as the combina-

tion of two circularly polarised fields rotating about the z-axis:

B(t) =

⎛
⎜⎜⎜⎝

B1 cos(ωt)

B1 sin(ωt)

0

⎞
⎟⎟⎟⎠ +

⎛
⎜⎜⎜⎝

B1 cos(ωt)

−B1 sin(ωt)

0

⎞
⎟⎟⎟⎠ (2.25)

By recasting the reference frame to be rotating about the z-axis at the mi-

crowave frequency (the rotating frame approximation), the microwave field

becomes:

Be f f =

⎛
⎜⎜⎜⎝

B1

0

B0 + ( ω
−gμB/h̄)

⎞
⎟⎟⎟⎠ (2.26)

where Be f f is the effective magnetic field and ω the frequency of the ap-

plied microwaves, and neglecting the component rotating at −2ω as it has no
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2.3. Bloch Formalism

Figure 2.4: Motion of the net magnetization vector with a variety of different applied

magnetic fields: a) in the presence of a fixed magnetic field, b) in the presence of a

fixed magnetic field with an orthogonal microwave field, and c) with the reference

frame rotating with frequency wL with respect to the laboratory frame.
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noticable effect on the spin system [37].

Following the adoption of the rotating frame, the dynamics of the spin sys-

tem are given by:

dM′

dt
=

−gμB

h̄
(M′ × Be f f ) (2.27)

where M′ is the magnetization in the rotating frame.

When the microwave frequency is equal to the Larmor frequency, Bz = 0,

and no precession of the magnetization about the z-axis is observed. The pres-

ence of a fixed magnetic field, B1 in the x′ -direction results in the precession

of M′ about the x′ axis with frequency ωR = gμBB1/h̄, the Rabi frequency. It

is this precession which results in the oscillations of the spin (magnetization)

between | ↑〉and | ↓〉.
It is useful to now introduce the two relaxation times, T1 and T2. T1, the

longitudinal relaxation time, is the time taken for the z-component of the mag-

netization to return to thermal equilibrium after being disturbed. T2, the trans-

verse relaxation time, is the characteristic time for the transverse magnetiza-

tion to return to zero. When these times are included into the Bloch equations,

the equations of motion become:

∂ Mx

∂ t
=

−gμB

h̄
(Mx × Bx) − Mx

T2
(2.28)

∂ My

∂ t
=

−gμB

h̄
(My × By) − My

T2
(2.29)

∂ Mz

∂ t
=

−gμB

h̄
(Mz × Bz) − Mz − M0

z
T1

(2.30)

where M0
z is the equilibrium magnetiation in the z-direction when no mi-

crowaves are applied.
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It is illustrative to consider what will happen when a microwave pulse is

applied for just enough time for the magnetization to move to the x’-y’ plane (a

π/2-pulse). Following the microwave pulse, the magnetization will begin to

precess about the (now non-rotating frame) x - y plane with frequency ωL. In

this case, T2 is the characteristic time for the magnetization in the x - y plane to

return to zero. T1 processes, which change the energy of the system, may only

be inelastic, whereas T2 processes, which do not change the energy, can be ei-

ther elastic or inelastic. As a result, T2 is usually much shorter than T1 in semi-

conductor systems. For example, experimental observation of the relaxation

times in isotopically purified 28Si doped with 1016P/cm−3 gives T1 ∼ 100ms

and T2 ∼ 25μ s [31]. As the density of donors is reduced, the (elastic) dipolar

coupling between spins is reduced, leading to longer T2 times. In systems with

donor densities of 1015P/cm−3, T2 ∼ 3ms [31].

2.4 Experimental Electron Spin Resonance

Electron spin resonance was first observed experimentally in an iron com-

pound by Zavoisky in 1945[42]. It was also observed soon after by Cummerow

and Halliday in the manganous salts MnSO4.4H2O and MnCl2.4H2O [43]. The

first measurement of ESR of donors in silicon (in this case As and P) was re-

ported by Fletcher et al [44] in 1954. They observed the resonance of both

arsenic and phosphorus doped silicon at low temperature, and were able to

determine the hyperfine splitting, 7.2 mT and 4.2 mT respectively.

The most significant early contributions to the ESR studies of donors in

silicon were made by Feher in the mid to late 1950’s. [28, 45–49]. These include

a method to determine the donor electron wavefunction using electron nuclear
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double resonance (ENDOR) on Si:P [50], investigation of the coherence times

of donor electrons as a function of donor density [51], and a method to polarise

the nuclear spin of the P donors via ESR [52], all of which are directly relevant

to the nuclear spin QC discussed in section 1.2.2.

More recently, investigations of the temperature dependence of the coher-

ence times of the P donor electron in silicon have been undertaken, showing

T2 of up to 3ms at 7K in low doped isotopically purified 28Si. Also, investiga-

tion of the effect of isotopic purification have been undertaken, showing that

the coherence time increases as 1/ f 0.86, where f is the fraction of 29Si present

[53, 54].

2.5 Detecting Small Numbers of Spins

Whilst ESR is a remarkably useful tool for investigating the properties of large

ensembles of spins, it has limitations when the number of spins to be investi-

gated is small. The number of spins that can be detected by standard ESR is

generally considered to be limited to ∼ 109[40, 55].

Clearly, if the aim, as in quantum computing, is to manipulate and detect

the spin state of single spins, this technique will be of little value. However,

the precision with which spins can be manipulated by ESR make it a difficult

technique to discount.

One way to overcome the number limitation is to use ESR to manipulate

the spins, but to use another method to detect the spin state. Koppens et al [56]

have demonstrated ESR manipulation of a single spin in one of two coupled

GaAs quantum dots. These dots are tuned so that the different spin states at the

Fermi energy of two coupled dots are opposite, leading to blockade of electron
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transport through the dots. By flipping the spin of the electron in one of the

dots, a detectable current is able to flow. Rugger et al [57] have used Magnetic

Resonance Force Microscopy (MRFM) to detect the spin of a single E′ defect

in SiO2 . Xiao et al [58] have detected the spin of a single paramagnetic trap

in a small (∼ 0.3 × 0.24μm2) MOSFET by its effect on the conductivity of the

device, again using ESR to manipulate the spin. The concept of independent

manipulation and readout can also be extended to manipulation methods. For

example, Yang et al [59]have used photoluminescence excitation spectroscopy

to to manipulate the P donor electron spins in isotopically purified 28Si , with

readout via the change in conductivity of the samples.

In the next section, the detection of ESR by its effect on the photoconduc-

tivity of a sample is discussed in detail. This technique, generally referred to

as Electrically Detected Magnetic Resonance, will form the basis of the experi-

mental work reported in later chapters.

2.6 Electrically Detected Magnetic Resonance

In 1966, Schmidt and Solomon [60] first demonstrated the detection of ESR by

its effect on the electrically conductivity of a sample. They noted that the pho-

toconductivity of Si:P with [P] = 5 × 1013cm−3 changed when the resonance

conditions of the P donor electron was satisfied. They claimed a sensitive of at

least 108 spins, well below that possible with conventional ESR, based on their

ability to detect the small number of exchange coupled P pairs expected at this

doping density [61].

Subsequent studies of P in crystalline Si (c-Si) using EDMR were performed

both at very high [62] and very low magnetic fields[63], as well as of P in
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amorphous[64] (a-Si) and microcrystalline[65] (μc-Si) silicon. Electrical detec-

tion of electron-nuclear double resonance (EDENDOR)[66] has been also been

demonstrated on Si:P.

Attempts to reduce the number of donors in a sample for EDMR have been

reported. Kawachi et al [67] were able to observe EDMR from about 104 dan-

gling bond defects in micron-size a-Si thin-film transistors. Stich et al [66] re-

ported successful detection of EDMR in Si:P samples containing as few as 106

donors, by using a focused laser beam to restrict the area of the sample that

was illumination.

The study of Si:P via EDMR has previously been reported in samples with

bulk doping [60, 63, 66]. For example, Stich et al [63] have shown that EDMR

of Si:P is possible at radio frequencies ( f = 280MHz). This allowed them to

determine that the observed EDMR signal was independent of the magnetic

field, supporting a spin independent pair formation model for EDMR (This is

discussed in more detail below).

EDMR of samples with very high dose (metallic) implants [68] with no pho-

toexcitation have shown that the EDMR signal in these sample is a strong func-

tion of the doping density, with the change in conductivity Δ I/I decreasing

from 10−7 at [P] = 6 × 1018 cm−3 to � 10−10 at [P] = 3 × 1019cm−3.

EDMR has been used to investigate the hyperfine interaction of P in highly

strained silicon [69]. The effect of strain on the donor wavefunction is relevant

to QIP, as it has been proposed as a solution to possible problems related to the

oscillating strength of the exchange interaction between neighbouring donors

[70, 71]. To achieve high strain, an Si:P epilayer was grown on a SiGe substrate.

EDMR was used to detect the ESR spectra due to the high sensitivity to the

small number of donors in the epilayer.
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A good review of EDMR is given in reference [72].However, no reports of

the EDMR of low density (non-metallic) implants are know to the author.

The first attempt to explain the mechanism for the observed change in the

photocurrent was by Lepine [73], and is outlined below.

The Lepine Model

Lepine [73] proposed that free electrons in the conduction band recombine to

form singlet or triplet states with bound electrons on recombination centers,

and that the triplet state was only weakly bound (shown schematically in fig-

ure 2.5a). This leaves the singlet state as the only possible end state from which

one of the bound electrons is able to recombine with a hole from the valance

band (Figure 2.5b). In a magnetic field, there are more spin down electrons

than spin up, resulting in an increased probability of triplet formation. ESR

will cause a move towards an unpolarised system, resulting in more singlet

formation and thus more recombination. This decrease in the carrier density

leads to a decrease in the current of the system.

The capture cross section for the conduction electrons is given by:

Σ = Σ◦(1 − pP) (2.31)

where p and P are the spin polarisations of the conduction electrons and

recombination centre electrons respectively, and Σ◦ the spin independent cap-

ture cross section.

The recombination time, τ, of the conduction electrons is related to the cap-

ture cross section and to the first order, a change in the capture cross section:

ΔΣ/Σ = −Δτ/τ (2.32)
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Figure 2.5: Schematic of the spin dependent recombination process proposed by Lep-

ine.
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The steady state number of photoexcited electrons in the conduction band,

nphoto = Gτ (2.33)

where G is the photocarrier generation rate.

The transient behaviour of the carrier number is described by:

dn
dt

= G − Δ n
τ

(2.34)

Since the photoconductivity is related to the excess number of photocarri-

ers, Δσ = Δ neμ, any change in the recombination cross section will lead to a

change in the number of photocarriers and hence the photoconductivity.

The polarisation can be changed by ESR, which serves to move the spin

populations towards equality. In the limit of no polarisation, the change in the

current is proportional to the product of the original polarisations; for system

with a g-factor of 2 at 300mT, pP ∼ 10−6 at 300K, increasing to ∼ 10−3 at 5K.

According to this model, the change in conductivity should be proportional

to (B/T)2. However, in low magnetic field experiments by Stich et al [63]

and Greulich-Weber et al [74], this dependence is not observed experimentally.

Also, the change in the conductivity should be limited to Δσ/σ∼ pP ∼ 10−6

for g = 2 species in x-band measurements, which disagrees with measure-

ments showing Δσ/σ> 10−3 in a-Si[75].

The Kaplan, Solomon and Mott Model

An improvement to this model was made by Kaplan, Solomon and Mott (KSM),

who proposed that the initial formation of pairs was not spin dependent. The

conduction electron would become bound to the recombination centre, and

would then recombine to a ground state depending on the spin configura-

tion of the two electrons (effectively, only spin pairs in a singlet configuration
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would be allowed to recombine). Only after recombination would it be possi-

ble for one of these electrons to then recombine with a hole.

The difference in this model is that only the two electrons on a particular

recombination centre are involved in a spin dependent process. For the either

member of the pair to become involved in a process with any other electron,

the pair must first dissociate and a new pair form.

This model allows a spin dependent process with no polarisation of the

spin ensemble, as each of the two constituents of the spin pair are by definition

fully polarised.

Figure 2.6 shows a schematic representation of four parts of EDMR using

the KSM model, with P doped silicon as the model system. The recombination

centre is the mid-gap Pb defect level. a) The initial formation of a spin pairs,

which is independent of the spin of each of the two spins. One of the two

electrons is bound to the P donor and one is bound to the Pb defect. b) Manip-

ulation of one of the spins via ESR, as discussed earlier in this chapter. Either

of the spins can be manipulated, as both contribute to the probability that the

pair can form a singlet. c) Spin dependent formation of the two electron sin-

glet, | ↑↓〉, on the defect site. The probability of this formation is the related to

the probability that the electrons will form a singlet state, P1 ∝ |〈S|ψpair〉|2. d)

Recombination of one of the singlet electrons with a hole, and formation of a

new spin pair by the (spin independent) recombination of a conduction band

electron into a bound P donor state.

Since this model does not require spin dependent pair formation, the change

in current is not dependent on the polarisation of the spin ensembles, but in-

stead the relative orientations of the two spins in the pair. This allows a larger

current change than that allowed by the Lepine model, in line with experimen-
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2.6. Electrically Detected Magnetic Resonance

Figure 2.6: Schematic of the four different stages in EDMR using the KSM model of

spin dependent recombination. The stages are discussed in detail in the text.
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tal results in a-Si discussed above[75].

In the next section, the temporal evolution of this model is discussed, in the

case of pulsed EDMR.

2.6.1 Pulsed - Electrically Detected Magnetic Resonance

Of interest due to possible future applications is the work of Boehme and Lips

[76] on the electrical detection of pulsed ESR. This technique uses the time re-

solved current transients due to recombination of electrons to probe the spin

dynamics of the systems. The recombination pathway for the model system

Si:P, as for the KSM model, is shown in figure 2.6. Under cw-ESR, a steady

state equilibrium will result in a fixed change in the current. However, follow-

ing the application of a short microwave pulse, a complex current transient re-

sults due to several recombination processes with different time constants. For

simplicity, a system comprising only P-Pb electron pairs in a singlet or triplet

configuration will be considered. The recombination probability for the singlet

pairs is much higher than the triplet pairs, resulting in a steady state excess of

triplet pair states. Using a π-pulse applied to the P-electron as an example, the

the triplet and singlet population densities will be swapped. The increase in

singlet content will lead to an increase in recombination, whereas an increase

in triplet content will lead to a decrease in recombination. Initially, the now

larger singlet population will lead to an increase in population. However, this

will return to its steady state value faster than the triplet population. This dif-

ference in recombination rate allows a period of decreased recombination to be

observed, until the triplet population also returns to its steady state value. To

summarise, following a microwave pulse, the photocurrent is seen to decrease

(increased recombination), then increase (decreased recombination) then re-
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turn to its steady state value, due to the different recombination probabilities

of the singlet and triplet spin pair configurations.

The ability to observe the current transient in real time provides informa-

tion about the different recombination processes that occur ion the sample.

Also, by varying the microwave pulse length, the dynamic evolution of the

spins can be observed by monitoring the resulting current transient. This can

be used to observe driven Rabi oscillations of the electron spin, as has recently

been demonstrated on Si:P [77]. The ability to electrically detect the coherent

spin motion of donor electrons makes this technique an important tool for the

investigation of the spin properties of materials, such as Si:P, proposed for use

in solid state QIP devices.

2.7 Summary

In this chapter, the spin and energy eigenstates of a spin 1/2 electron bound

to a spin 1/2 nucleus in a magnetic field has been determined. By invoking

conservation of spin, selection rules for the allowed transitions between spin

states in the high magnetic field limit were formulated. These two properties

were used to determine the spectra that would be expected in electron spin

resonance experiments on such a system. The dynamic evolution of the spin

system was discussed using the phenomenological Bloch equations, which led

to the introduction of the longitudinal and transverse relaxation times, T1 and

T2 respectively.

An experimental and theoretical overview of electrically detected magnetic

resonance was given, as this technique will be used throughout this thesis.

Also, the temporal evolution of the EDMR signal due to pulsed EDMR was
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outlined, as this will be necessary in chapter 8.
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Chapter 3

Experimental Methods

This chapter gives details of the device fabrication and measurement methods used in

the work presented in this thesis.

The majority of the fabrication of the devices used in this thesis was carried

out in the Semiconductor Nanofabrication Facility (SNF) at the University of

New South Wales (UNSW). This facility contains a large array of semiconduc-

tor fabrication equipment including ultraclean furnaces, optical photolithog-

raphy tools, SEM and EBL tools, evaporators, test and support equipment, all

housed in a class 3.5 clean room.

Ion implantation was performed by Dr Jeffery McCallum from the Univer-

sity of Melbourne, using ion implanters at the Australian National University.

Measurements reported in chapters 4 and 5 and Appendix A were under-

taken in the National Magnet Laboratory (NML) at UNSW . This facility allows

measurements to 50mK at fields of up to 10T. Those measurements reported in

chapters 6 and 7 were undertaken by the author at the Walter Schottky Insti-

tute, Technische Universität München, Germany.
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3.1. Fabrication

3.1 Fabrication

This section focus on the process details and equipment used for fabrication of

devices. Details of the devices are included in the chapters reporting the exper-

imental results, due to the number of different devices investigated. A good

reference for more details of micron-scale processing can be found in the books

by Sze [22, 78], and a comprehensive overview of electron beam lithography

in Chapter 2 of the SPIE Handbook of Microlithography, Micromachining and

Microfabrication [79].

3.1.1 Micron-scale Processing

Wafer Cleaning

All wafer were cleaned prior to fabrication and where necessary throughout

the fabrication process. Cleaning involved submersing the wafer in SP (Sul-

phuric acid : Hydrogen Peroxide, 3:1) for 10 minutes, followed by a 10 minute

rinse in deionised (DI) H2O, a ten minute clean in RCA2 solution (DI H2O

170mL, Hydrochloric Acid 30mL and Hydrogen Peroxide 30mL) and a final

ten minute DI H2O rinse. Also, the first clean of a new wafer involved a final

10 second dip in Hydrofluoric Acid to remove the native oxide.

Optical Lithography

Optical lithography was undertaken using chromium masks designed by the

author, using AZ 6112 photoresist (Microchem) for positive lithography and

AZ 5214E resist for negative lithography. Two lithography tool, a Quintel 404

and a Quintel 6000, were used. Exposure energies of approximately 15 mJ/cm2

were able to provide high resolution lithography results, with features of order
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1 micron possible. Development was performed by soaking in AZ 300 MIF

developer for 60 s, followed by rinsing in DI H2O.

Thermal Oxides

For the growth of critical oxides, a triple walled furnace was used. The triple

walled furnace has a gas flow between the walls of the furnace to limit the

diffusion of impurities into the furnace, resulting in a higher quality oxide.

For a similar reason, the operating temperature of this furnace is also kept low,

resulting in slower oxide growth. To reduce fabrication times, a second single

walled furnace with a higher operating temperature was used for the growth

of thick, non-critical oxides, such as those used for diffusion masking.

In the single walled furnace, oxides were grown at 1000◦C in an oxygen

ambient that had been passed through a DI H2O bubbler; in the triple walled

furnace, oxides were grown at 800◦C in an atmosphere of Oxygen and DCE.

The quality of the resulting oxide is discussed in detail in chapter 4.

Dopant Diffusion

Diffusion at 950◦C for 30 minutes using a ceramic solid-source of phospho-

rus (P1025, Saint-Gobain Ceramics1) was performed for fabrication of Ohmic

contacts. Following predeposition, a short HF etch (HF 10%, 20s) was used

to remove the P glass formed, followed by thermal drive-in of the dopants at

1000◦C for 1 hour in an N2 ambient results in high quality ohmic contacts.

1http://www.bn.saint-gobain.com/
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Metal Deposition and Lift-off

Metal deposition was performed using a Lesker thermal evaporator. Evapo-

ration rates of 5Å/second were typical. Lift-off was achieved by soaking the

devices in acetone for approximately 30 minutes, followed by a small amount

of ultrasonic agitation. The devices were then rinsed in IPA before being dried

with N2.

Rapid Thermal Annealing

Rapid thermal annealing (RTA) was undertaken in a Jipelec Jetfirst Rapid Ther-

mal Annealer2. The nominal anneal was 1000◦C for 5 seconds. A typical tem-

perature profile, measured by a pyrometer looking at the backside of the sup-

port wafer, is shown in figure 3.1.

3.1.2 Nano-scale Fabrication

Nanoscale fabrication was undertaken using electron beam lithography, a stan-

dard tool in mesoscopic research. EBL was undertaken on an FEI XL 30 SFEG

with a Nabity pattern generation system 3. This system allows features as

small as 12nm to be fabricated, and features as small as 2nm are resolvable

when imaging [80]. The details of the various processes used are given below:

Resists and Development

For EBL, a polymethyl-methacrylate (PMMA) resist layer(A3, 950k) was spun

(2500RPM, 60s) onto the wafer, resulting in a 160nm resist thickness. After

2http://www.jipelec.com/products/jetfirst/JIPELEC jetfirst.pdf
3www.jcnabity.com
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Figure 3.1: Temperature as a function of time for a typical 1000◦C, 5 second Rapid

Thermal Anneal. The red line shows the set point, while the black line shows the

actual temperature measured by a pyrometer looking at the back side of the support

wafer.

EBL, this resist was developed in a combination of isopropanol (IPA)/ methyl-

isobutyl-ketone (MIBK) (3:1) for 40s, followed by 20s in IPA. This combination

of resist and development allows features at least as small as 12nm to be fabri-

cated.

This resist is also able to act as an implantation mask for P ions at 15keV,

completely blocking both the ion and forward recoiled resist atoms [81, 82].

Electron Beam Lithography

EBL was undertaken using an FEI XL30 SEM controlled using the Nabity Nanome-

ter Pattern Generation System (NPGS). Beam currents of 50pA and doses of

500μCoulombs/cm2 were typically used. The working distance was between

5mm and 7mm.
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Figure 3.2: Standard EBL alignment marks used in the fabrication of devices for this

thesis. The magnification increases from 1 -4. The marks are fabricated from Ti/Au.

Alignment Marks

Alignment marks were fabricated from Ti/Au (∼20nm/40nm) and were ca-

pable of alignment accuracy of 50nm [83]. A typical alignment mark, shown

in figure 3.2, consists of a 3 × 3 array of nine unique sets of 100nm × 100nm

squares, allowing the position of the alignment window to be easily deter-

mined over a 10μm × 10μm region with 50nm accuracy.

3.1.3 Ion Implantation

All the ion implantation in this thesis was performed by Dr Jeff McCallum

from the University of Melbourne. The implantation was performed at the

Australian National University on two different implanters: a 1.7MV NEC

Tandem High Energy Ion Implanter and a 175 kV Low Energy Ion Implanter,
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Species Energy Range Straggle Use

(kV) (Å) (Å)

31P 15 235 110 Ohmic Leads and Low Density Doping

31P 16 248 115 Low Density Doping

75As 15 161 58 Ohmic Contacts

75As 20 196 69 Ohmic Leads

28Si 15 242 116 Control Implant

Table 3.1: Details of the ion-implantation used in this thesis. Range and Strag-

gle details from SRIM [84].

both with SNICS II ion sources. The choice of implanter depended on avail-

ability, as both are capable of implant energies lower than 15kV.

The standard implant species and energies used are given in table 3.1

Non-amorphising Implantation

The highest phosphorus implantation dose-energy combination used in this

thesis, 1014P/cm2 at 15 keV, was chosen such that the implant would have a

metallic conductivity at low temperature, but would not cause the Si substrate

to become amorphous due to the implantation.

Figure 3.3 shows a TEM, prior to rapid thermal annealing, of a 5nm oxide

after P implantation at 15keV at a dose of 1014P/cm2. The crystal structure

of the Si is preserved, indicating that this dose and energy are appropriate

parameters to meet the non-amorphising requirement.

Also, measurements of Si:P wires, fabricated by implantation with the same

parameters, indicates metallic conductivity with a resistivity ρsheet � 900Ω/�

at 4.2K.[27]
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Figure 3.3: TEM of a 5nm oxide interface after P implantation at 15keV at a dose of

1014P/cm2, and before rapid thermal annealing. The Si crystal structure is not affected

by this combination of implant energy and dose.

Arsenic Implantation

During the work presented later in this thesis, it became clear that it would be

useful to be able to produce locally doped conducting regions with a dopant

other than phosphorus. Arsenic was chosen it is a commonly used donor in

silicon.

However, since the implantation of As is not commonly used by this re-

search group, it was necessary to check that the implant was indeed metallic.

To this end a Hall Bar, shown in figure 3.4, was fabricated. The device was

fabricated in two steps; first the ohmics were implanted at an energy of 15keV

and a dose of 1014Ascm−2, followed by implantation of the hall bar at an en-

ergy of 20keV at the same dose. The carrier density at 4.2K was found, by a

standard Hall effect measurement, to be 6.33 × 1013cm(−2). This equates to

an activation of 63.3% of the arsenic donors. When the implant parameters are

considered, the minimum possible value of the maximum doping density is

4.2× 1019cm−3, well above the MIT of Si:As (The critical density for the MIT in
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Figure 3.4: a) SEM of the arsenic hall bar used to characterise the arsenic metallic

implant. The implant energies are shown for the two different regions. b) the results

of Hall measurements on the samples.

Si:As is 8.6 × 1018cm − 3 [85]). The metallic conductivity was also confirmed

by the sample conducting in the dark at 4.2K.

This implant density was used for all As implants discussed in later chap-

ters.

3.2 Measurement Equipment and Setup

3.2.1 Low Temperature Measurements

For both conductivity and magnetoresistance measurements at low tempera-

ture, a purpose built magnet dip rig was constructed 4. The stick has a 2T

electromagnet surrounding the sample holder. This is placed into a dewer of

liquid helium for measurement at 4.2K. A photograph of the setup is shown in

4The magnet dip rig was constructed by R. Starrett and D. Barber
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Figure 3.5: Magnet Dip Rig used for 4.2K magnetoresistance measurements. When

operated, the magnet is bolted to the end of the stick, with the sample at centre field.

figure 3.5.

Measurements in Appendix A were undertaken in dilution refrigerator, al-

lowing access to temperatures as low as 30mK. Measurements of EDMR were

undertaken using a helium flow cryostat, and is discussed in section 3.3 below.

3.2.2 Electrical Measurments

Lockin Amplifiers

For measurements requiring lock-in amplification, a Stanford Research Sys-

tems SR830 was used. The modulation frequency was chosen to be 13.8Hz for

the measurements on MOSFETs, and driving voltages in the range 100 μV to

500 μV were used as appropriate.

Source-Measure Unit

For the application of DC voltages, a Keithley 236 Source Measure Unit was

used, providing a voltage with an accuracy of ±0.033%.
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3.3 EDMR Measurement

The experimental setup, which is shown in figure 3.6, can be broken into three

discrete systems: ESR Manipulation, Temperature Control, and Electrical Mea-

surement.

ESR Manipulation

Measurement of EDMR spectra was accomplished by placing the samples in a

dielectric ring microwave resonator, with a HP83640A microwave source. An

external magnetic field is applied using a stable electromagnet, and a small

amplitude magnetic field modulation, controlled by a Stanford Research Sys-

tems SR830 lock-in amplifier, was applied. The resonant cavity has a window

allowing illumination of the sample with white light from a tungsten lamp.

Temperature Control

The cavity is placed inside an Oxford Instruments Continuous Flow Cryostat,

with the temperature controlled by an Oxford ITC 501 temperature controller.

The temperature can be varied from less than 5K to over 35K, and is stable to

less than 0.1K.

Electrical Measurement

Another important part of the electrical measurement is the ability to make

electrical connection to the sample. Figure 3.7 shows the sample glued to the

end of a quartz tube. This tube is small enough to fit into the resonant cavity.

It is also hollow, allowing wires to be passed down to the sample for electrical

connection.
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Figure 3.6: a) Schematic and b) photograph of the setup used for the EDMR mea-

surements reported in this thesis. The equipment is located at the Walter Schottky

Institute, Technical University of Munich, Germany.
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Figure 3.7: a) Photograph of a sample attached to the quartz tube. The sample sits on a

glass slide with gold pads for bonding. Wires running through the tube are also fixed

to the gold pads with conductive epoxy. The magnified view (b) shows how electrical

contact is made to the device through a combination of bonding and gluing of this

gold wires. The sample in this case consists of a 3 × 3 array of devices, of which 2 are

independently contacted.
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3.3. EDMR Measurement

DC voltages are applied to the sample using a battery, as they provide a

very low noise voltage source. The measurement electronics, shown schemati-

cally in figure 3.6, are relatively simple. The output of the sample is connected

to a current preamplifier, which outputs a voltage proportional to the input

current. This voltage is fed into the SR830 lock in amplifier that is used to

control the small oscillating magnetic field, with lockin detection at the refer-

ence frequency. The output of the lockin amplifier is scaled to give dI/dB, the

change in the device current caused by the oscillating magnetic field. A linear

background is subtracted to obtain the change due to the resonant phenomena.
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Chapter 4

The Effect of Ion Implantation on
Device Performance

In this chapter, the quality of the thermal oxide is determined using low temperature

I-V measurements of Si-SiO2 MOSFETs. The effect of ion implantation on the quality

is determined, and the implications for Si QIP hardware fabricated with this technique

are discussed.

Parts of this chapter have been published as:

Donor activation and damage in Si-SiO2 from low-dose, low-energy ion im-

plantation studied via electrical transport in MOSFETs

D. R. McCamey, M. Francis, J. C. McCallum, A. R. Hamilton, A. D. Greentree

and R. G. Clark

Semiconductor Science and Technology 20, 363-368 (2005).

49



4.1. Introduction

4.1 Introduction

Before beginning studies of devices fabricated on phosphorus doped silicon,

it is important that the material system and key fabrication processes are well

characterised. As future work will strongly depend on the ability to fabricate

devices via ion implantation, it is important that the effect of implantation be

well understood. This chapter presents results on the effect of ion implantation

on device performance.

Device fabrication involving ion implantation is widespread in the semi-

conductor industry, with applications ranging from ohmic contacts to shallow

junctions [78, 86]. Methods to increase the performance of classical transform-

ers [87], new types of classical computation [88], and a number of solid state

implementations of quantum computation (QC) [15, 19, 26, 89–91], all involv-

ing ion-implantation of few or single ions, have been proposed. Some of these

were discussed in detail in chapter 2.

In all of these devices, electrically active defects caused by ion implantation

must be eliminated so that operations involving single electrons are not com-

promised. To ensure that this requirement is met, it is important to characterize

the effects of ion implantation on the trap density. It is also important that all

implanted donors be activated for the device to function correctly. Given that

these devices are intended to be operated in the few or single electron regime,

a non-activate donor anywhere in the device would strongly inhibit device

function.

Previous studies of damage caused by ion implantation have mainly in-

volved capacitive measurements (eg capacitance-voltage, Deep Level Tran-

sient Spectroscopy [92]) or have focused on room temperature measurements
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[93]. The following section focuses on the characterization of implantation-

induced defects in MOSFET devices using DC transport measurements at low-

temperature, where silicon-based quantum computer devices are most likely

to be operated. The donor activation in these devices is also studied.

4.2 Method

4.2.1 MOSFETs

Metal-Oxide-Semiconductor Field-Effect-Transistors (MOSFETs) are convenient

to fabricate, have widely understood characteristics, and allow electrical mea-

surements to be restricted to near the Si-SiO2 interface [94], the area of inter-

est for low-energy implantation studies. The processing is also identical to

the processing used for devices presented in later chapters. Additionally, the

processing used in the fabrication of MOSFETs is expected to be compatible

with the fabrication processes used, for example, in silicon-based quantum

computer devices. This allows the possibility of fabricating on-chip charac-

terization devices. For these reasons, MOSFETs were used to characterize the

implant damage.

Device Fabrication

The devices used in this study, Hall-bar geometry MOSFETs, were fabricated

on a high resistivity (> 5000Ω.cm) n-type Si <100> substrate. After etching in

a 10% HF solution for 10 seconds to remove the native oxide, a 5nm thermal

oxide layer was grown. Two implant species, P and Si, were used; P as this is

the most common donor in silicon and has important applications in QC pro-
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Figure 4.1: Image (top) and layout (bottom) of a silicon Hall-bar MOSFET identical to

those used for the measurements presented in this chapter.
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posals, and the Si as a control. A number of devices were then implanted with

either P at 16keV or Si at 15keV. This results in an implant distribution cen-

tered approximately 20nm into the silicon, with a straggle of approximately

7nm [78]. A number of different doses were implanted, ranging from no im-

plant to 5 × 1012cm−2. Rapid thermal annealing at 1000oC for 5 seconds in

a N2 ambient was then applied to all devices. For both the gate and ohmic

metallization 200nm of Aluminium was used. Following metalisation, the de-

vices were annealed at 400◦C for 15 minutes in forming gas (5% Hydrogen,

95% Nitrogen).

4.2.2 Mobility and Critical Density at 4.2K

Numerous methods exist for characterizing the electrically active defects in Si-

SiO2 at room temperature [95]. At cryogenic temperatures, where standard

capacitance based methods fail due to the long thermal emission time, a num-

ber of more complex methods also exist [96]. Some simpler methods using the

Hall effect involve comparing measured values of carrier density with theoret-

ical predictions [97, 98]. This work use a method that involves only conduc-

tance and Hall measurements, removing errors associated with comparison to

theory and allowing for ease of measurement.

At low temperatures, the mobility, μ, of an electron in the inversion layer

of a MOSFET as a function of the carrier density, n, is characterized by a criti-

cal density, ncrit, below which no conduction occurs. The lack of conductivity

below the critical density is due to a freeze out of free carriers due to impurity

binding [99]. The method used to characterize the trap density in this work

is based on the above property. The mobility as a function of the carrier den-

sity was determined from Hall measurements. The critical density was then
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determined by extrapolating the linear region of μ vs log(n) above the critical

density to zero. The trap density of the device is taken to be the critical density.

Measurements at 4.2K were performed to determine the number of electri-

cally active traps present at low temperature. The 4-terminal resistivity, ρ, of

the inversion layer was measured at numerous gate voltages (see figure 4.2A,B

for characteristic measurements). Hall measurements (Figure 4.2C) were taken

from B=0 to 0.5T, for at least 5 gate voltages per sample. The carrier density as

a function of gate voltage was determined from these measurements (Figure

4.2D). The mobility was determined using both the resistivity and the carrier

density by the relation [78]

μ = 1/(ρne). (4.1)

4.2.3 Threshold Voltage Shift at Room Temperature

To determine the fraction of implanted ions that were activated, the threshold

voltage shift was analyzed. Assuming the ions are implanted to a constant

depth (ie a delta function approximation), the relation between doping and

threshold shift is given by [78]

nact =
ΔVthCimp

q
(4.2)

where nact is the number of activated donors per unit area, ΔVth is the

change in threshold voltage, and Cimp the capacitance per unit area between

the implanted ion layer and the gate. As the implant distribution sits 20nm

into the silicon, the capacitance is the sum of that due to the oxide and the

silicon layer, ie
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Figure 4.2: Characteristic example of measurements used to determine the effect of

ion implantation on device performance. Examples show A) 4-terminal resistance, B)

Source drain current, C) Hall resistance at a fixed gate voltage and D) using the carrier

densities determined at a set of gate volatges to determine the carrier density for all

gate voltages.
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Cimp = [(1/Cox) + (1/CSi)]−1 = [(dox/εoxε0) + (dSi/εSiε0)]−1 (4.3)

where dox is 5nm, εox is 3.7, dSi is 20nm and εSi is 11.9.

It is important to note that this method is only valid for ionised impurities,

and for this reason the measurements were performed at room temperature.

The effect of incomplete ionisation [100] is discussed in section 4.3.

To confirm the validity of the delta approximation, once the number of

ionised impurities was determined, the expected threshold shift was calcu-

lated using a model for the implants that consisted of a series of very thin,

uniform implant regions that very closely followed the actual implant distri-

bution. The threshold shift due to each of these was determined and the total

shift found. There was a negligible (< 1%) difference between these methods,

indicating that the original single delta approximation was sufficient.

Modelling, using a one-dimensional Poisson solver [101], of both implanted

and unimplanted devices was also performed. The carrier density as a func-

tion of depth for a number of gate voltages was determined, and integrated to

find the carrier density as a function of gate voltage. The threshold in these

simulations was compared to the experimentally measured threshold, again

confirming the density of activated ions.

4.3 Implant Activation at Room Temperature

The I-V characteristics of the MOSFETs were measured at room temperature.

The results for different P implant densities are shown in figure 4.3. The thresh-

old voltage was taken to be the intersection of the linear fit to the sub-threshold
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4.3. Implant Activation at Room Temperature

Figure 4.3: Source drain current as a function of Gate voltage, showing threshold volt-

age shift as a function of implant density. Measurements taken with a 100μV source

drain voltage at room temperature. The squares indicate the threshold voltage after

implantation. The circles show the location of the kink in the current at a similar volt-

age to the threshold in the unimplanted device.I, II, and III indicate three different

conduction regimes, which are discussed in the text.
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4.3. Implant Activation at Room Temperature

Figure 4.4: Source drain conductivity as a function of Gate voltage, showing no thresh-

old voltage shift as a function of implant density. Measurements taken with a 100μV

source drain bias at 4.2K.
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4.3. Implant Activation at Room Temperature

Figure 4.5: Calculated carrier density vs gate voltage, T=300K, implant range = 20nm,

implant straggle = 7nm.

59



4.3. Implant Activation at Room Temperature

Figure 4.6: Measured ionisation ratio ( number of activated ions times probability of

ionisation divided by number of implanted ions) as a function of implant density for

P implants at 16keV after rapid thermal annealing.
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4.3. Implant Activation at Room Temperature

current and the linear fit to the current in the region just above the point where

the current deviates from the sub-threshold current. As expected, the thresh-

old voltage is decreased by the addition of n-type dopants. The Si implanted

control devices did not show a decrease in threshold voltage, which shows

that the change in threshold is due to the incorporation of donors, and not the

creation of charged damage during implantation.

The activation ratio is defined as the number of activated P atoms (ie those

sitting in substitutional sites) divided by the number of implanted P ions. The

threshold voltage shift is determined by the number of charged P donors,

which is the product of the number of activated donors and the probability

that they are ionised. Figure 4.6 shows the measured ionisation ratio (activa-

tion ratio times probability of activation) as a function of the implant dose. The

ionisation ratio is found to decrease with increasing implant dose. This is ex-

pected, given that the fraction of ionised donors is known to decrease with in-

creasing density of donors [102], due to the increased number of dopant states

available, even at room temperature [100]. The ionisation fraction is given in

reference [102] as:

nd
n + nd

=
1

Nc
2Nd

exp
[
− (Ec−Ed)

kBT

]
+ 1

(4.4)

Recent studies of P-implanted silicon by spreading resistance analysis (SRA)

have shown the opposite trend - that the apparent activation ratio increases

with increasing implant dose [90, 103]. This discrepancy might possibly be

explained by the presence of a native (poor quality) oxide with a high trap

density in very close proximity to the implanted region, caused by cutting the

wafer at a very shallow angle. If a significant density of electrons are caught in

traps at the native oxide interface they do not contribute to conduction, so that
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4.3. Implant Activation at Room Temperature

the number of free electrons appears lower than that expected due to the im-

plant dose. This effect would be particularly significant at low implant dose,

where the native oxide trap density is much higher than the P density, but

would be less important at high doses, leading to an apparent activation ra-

tio that increases with increasing implant dose, as observed by Schenkel et al

[90, 103]. If this is the case, it means that spreading resistance measurements

are not well suited to measurements of low dose, near surface implants. This

conclusion has also been reached recently by the authors of the studies men-

tioned [104], however they cite the ionisation of electrons due to band bending

near an ungated interface as the cause.

It is significant however that after RTA and for an implant dose of 2 ×
1012cm−2 with an average spacing of ∼ 7nm, the ionisation ratio is 0.99± 0.05,

indicating almost complete activation and ionisation. Assuming that this near

complete activation holds for doses below 2 × 1012cm−2, this result suggests

that it will be possible to fabricate a device where the donor spacing is ∼ 20nm,

such as the qubit proposed by Kane [19], with almost complete donor activa-

tion.

Another interesting feature to note is the appearance of three distinct con-

duction regimes in the implanted devices, labeled I, II and III in figure 4.3. In

region II, from threshold to the threshold associated with the unimplanted de-

vice, the device current increases near linearly. Above the unimplanted thresh-

old, when the device enters inversion, the device current returns to the ex-

pected form but with an offset (region III). In region I, below threshold, there

is a constant current unaffected by the gate voltage, but which increases with

implant density. The source of this current is unknown. A possible explanation

is that the silicon dioxide used as an implant mask was not thick enough, re-
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4.3. Implant Activation at Room Temperature

sulting in an implant in the area outside of the gated area. However, the thick-

ness of the implant mask (∼ 200nm) should be more than adequate to stop all

of the implanted ions, which have a range of ∼ 15nm in SiO2 at 15keV [78].

Alternatively, Poisson modelling shows that there is a small increase in the

carrier density deep in the silicon (∼ 50nm)for implanted devices at negative

gate voltages (see figure 4.7). This would explain the increased conduction,

except that the carrier density at negative voltages is 5 orders of magnitude

smaller than that at positive voltages, which does not explain the high current

observed. More work is needed to understand the cause of this conduction.

Modelling of the devices using a one-dimensional Poisson solver [101] was

undertaken, and the carrier density as a function of depth for a number of

gate voltages are presented in figure 4.7. In the implanted devices, an increase

in the carrier density, centered at the mean implant depth, dSi, is observed.

The density in this region increases with gate voltage, until the unimplanted

threshold is reached. For higher gate voltages, the carrier density is dominated

by the inversion layer adjacent to the Si-SiO2 interface.

The total carrier density at a given gate voltage and implant density was

determined by integrating the calculated carrier density to a depth of 100nm.

The results are shown in figure 4.5. These traces have a similar form to the

measured current (figure 4.3) showing the two distinct conduction regimes

above threshold, but not the sub-threshold current. The effect of scattering

can be seen in the deviation of the measured current from the calculated car-

rier density. The threshold however should not be effected by the scattering

mechanisms, and the current should go to zero at the same gate voltage as the

carrier density.

Calculations were performed for devices with P implants of 2, 2.7 and
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4.3. Implant Activation at Room Temperature

Unimplanted Implanted

Figure 4.7: Calculated carrier density as a function of depth and Gate Voltage, at room

temperature for an unimplanted MOSFET (left) and for a MOSFET with a P implant

dose of 3.5 × 1012 cm−2 (right). T = 300K.

3×1012 cm−2, the density of activated donors determined from the threshold

voltage shift. The threshold found in these calculations was in good agreement

with that observed experimentally, and better than those simulations where

the incomplete ionisation of donors was not considered. This indicates that

the analysis of the activation ratio is correct.

In summary, there is a decrease in the threshold voltage due to the implan-

tation of donors, although the magnitude of the decrease is smaller than ex-

pected. This may be due to the incomplete ionisation of the implanted donors,

which serves to limit their effect on the threshold voltage. For an implant of

2×1012 cm−2, the activation is near 100%.
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4.4. Damage due to Implantation

4.4 Damage due to Implantation

This section considers the damage caused by the implantation process. Fig-

ure 4.8 shows the mobility of P implanted MOSFETs, at a number of different

doses. The traces show the usual form of the low temperature mobility, that

is, at low density, an increasing mobility limited by impurity scattering, and

at high density, a decreasing mobility limited by scattering due to interface

roughness. Traces for a number of different implant densities are shown.

In the P implanted devices, the maximum mobility is seen to decrease and

move to higher carrier densities (figure 4.9 ) as the implant dose is increased,

indicating an increase in ionized impurity scattering. For Si implanted devices

the mobility, shown in figure 4.8, does not show this effect. As the Si and P ions

are of similar mass, and are implanted at similar energies, they should cause

similar damage to the Si lattice during implantation. As the decrease in mobil-

ity is not seen in the Si implanted devices, the cause of the increased scattering

does not appear to be the implantation process. This result suggests that the

RTA is able to repair all damage from implantation. An alternate explanation

is that stable P-related defects may form during the annealing process account-

ing for the increased trap density, but we believe that this will be a secondary

effect when compared to the lattice damage caused during implantation.

It is important to note that there are variations in the mobilities across

wafers and from chip to chip, however, the deviation between devices on a

similar chip is much smaller than that from chip to chip from the same wafer,

which is smaller again than that from wafer to wafer. To combat this, the mea-

surements for a given implant species were taken from single wafers. The

wafers were cleaved into quarters, with three quarter pieces implanted at a
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4.4. Damage due to Implantation

different dose, and one quarter being left unimplanted. As a result, it is diffi-

cult to compare numerically the results from wafer to wafer. This explains the

higher peak mobility in the Si implanted devices compared to the P implanted

devices.

Figure 4.8: Mobility as a function of carrier density for MOSFET’s with various P (left)

and Si (right) implantation densities.

The critical density of both P and Si implanted devices is shown in figure

4.10. For P implanted devices, the critical density increases linearly with im-

plant density. Equating the critical density with the trap density [99] shows

that each implanted ion has an equivalent effect to the creation of 0.08 ± 0.03

additional traps. For Si implanted devices, this effect decreases to 0.009± 0.005

additional traps.

The above results can be explained by the straggle of the implanted ions.

Modelling of the implanted ion distribution using data from [78] shows that,

for the implant energy used, approximately 10% of implanted ions sit within

10nm of the interface. Modelling of the wavefunction using [101] and other
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4.4. Damage due to Implantation

Figure 4.9: Maximum mobility (left) and carrier density at which maximum mobility

occurs (right) as a function of P implant density. Both the decrease in mobility and the

movement of peak mobility to higher density indicate an increase in charged impurity

scattering as the implant dose is increased.

studies [105] shows that electrons in the inversion layer are localized to within

approximately 10nm of the Si-SiO2 interface. Hence, only about 10% of the

implanted ions will interact strongly with the electrons in the inversion layer.

Below threshold, there are no electrons in the 2DEG, and all donor electrons

are bound to the P implants. Above threshold, when the channel is populated

with electrons, the additional electrons serve to screen the P donors, and they

are unable to localize any electron [105]. At this point, the ionized P donor

scatter the electrons in the 2DEG, leading to the increased ionized impurity

scattering seen in figure 4.8. This also explains the movement of the critical

density, as the electrons that are localized below the threshold are free to con-

tribute to the Hall voltage, and thus the carrier density, above threshold.
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4.4. Damage due to Implantation

Figure 4.10: Trap density vs Implant density for both P and Si implanted devices.

Linear fits to the data are shown. The data for P implants at 5 × 1011cm−2 is for a

device fabricated on a separate wafer.
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The increase in the critical density (8% of implant) is in good agreement

with the number of implanted donors near the 2DEG (∼ 10% of implant),

again suggesting that RTA is able to remove all damage caused by implanta-

tion, and that the increased scattering and trapping is due only to the P donors

close to the Si-SiO2 interface.

Another important characteristic is the density of electron traps in the unim-

planted device. This was found to be 2.1(±0.3) × 1011cm−2. This equates to a

trap spacing of 21.8 ± 1.7 nm. For a Kane architecture quantum computer, this

is approximately the qubit-qubit spacing (20nm). This means that for every

implanted P donor there is approximately one electron trap, which will inter-

fere with device operation, either by localizing the donor electron or by other

methods. While this density of traps may be suitable for fabrication of a small

number of silicon-based qubits, it will need to be reduced, for example by im-

proving the oxide quality, for the large scale (many qubit) implementations

that are proposed.

4.5 Shift in threshold of low dimension MOSFETs

During experiments on thin, long MOSFETs at 4.2K that are not described in

this thesis, an interesting feature was seen in the I-V characteristics of the de-

vices. If the device was cooled from room temperature to 4.2K with the gate

grounded, the IV characteristic of the device was seen to shift to a slightly

higher gate voltage on the second and subsequent sweeps of the gate, com-

pared with the first sweep.

Figure 4.11 shows the results for a device with a 100nm wide gate and an

oxide thickness tox = 5nm.
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4.5. Shift in threshold of low dimension MOSFETs

Figure 4.11: Shift in threshold voltage between first and subsequent sweeps of the gate

voltage in a thin gate MOSFET.
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4.6. Conclusion

As can be seen, the threshold moves upwards by 0.05V. A simple model

for this behaviour is that the traps at the interface, which act as an additional

positive charge, are filled with donors when the 2DEG is formed, as at this

point conduction electrons are able to reach the location of the trap. Due to

the extremely long trapping time at 4.2K, these electrons then become perma-

nently bound to the trap. As the gate is turned off, the electrons stay on the

traps. Thus, a slightly larger gate voltage is required on the next sweep to

compensate for the decrease of positive charge on the traps. Also, note that the

curves for the first and subsequent trace converge at high gate voltage. This is

expected, as the number of traps not filled at higher voltage would be greatly

reduced.

Assuming this model, then the voltage shift should relate to the defect den-

sity by

ntrap = ΔVthCox/e (4.5)

We find that the change equates to a defect density of 2 × 1011cm−2, which

is in good agreement with the values determined in section 4.4 above.

This shift was seen in a large number (∼ 10) devices, and in all of these

gives a value for the trap density in the range 1 − 4 × 1011 defects cm−2.

4.6 Conclusion

In this section, the density of electrically active traps at low temperature was

characterized, using DC conductance measurements in silicon MOSFETs. By

studying the effect of low-energy low-density Si and P ion implantation into a

Si-SiO2 system, it was found that the Si implantation had no effect on the low

temperature trap density, whilst the P implantation resulted in an additional
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0.08(±0.01) traps per implanted ion. We interpret these additional traps to be

P donors in the conduction channel acting to localize donor electrons, and not

damage due to implantation.

The ’as grown’ defect density is 2.1(±0.3) × 1011cm−2, determined from

MOSFET conductivity measurements and supported by low temperature shifts

in thin MOSFET threshold voltages.

We also find that the electrical activation of the implanted donors to be near

complete at a dose of 2 × 1012cm−2, falling to approximately 60% at a dose of

5 × 1012cm−2. This indicates that a device that requires a donor spacing of

approximately 20nm, such as the Kane quantum computer, can be fabricated

with near 100% activation using ion implantation.
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Chapter 5

Effect of Dielectric Choice on Device
Performance

In this chapter, the efect of various barrier dielectric on the electrical properties of Si-

MOSFETs is studied. This has implications for the fabrication of devices reported later

in this thesis, where the highest quality oxides are required, as well as informing the

fabrication processes used in devices where limited thermal diffusion of donors is criti-

cal.

One of the most important features of a MOS structure is the dielectric oxide

layer, and its interface with the semiconductor. The correct choice of dielectric

can change the transport properties of a device by orders of magnitude. Di-

electrics are also important in solid state QC as they are a major source of de-

coherence. For example, the dielectric loss of a spacer dielectric in Josephson

qubits is found to strongly effect the coherence times that the system exhibits

[106].

In this chapter, measurements of the transport properties of MOSFETs with

three different dielectric materials are presented. The method used is the same

as in the previous chapter (see section 4.2.2). Briefly, the mobility-carrier den-
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5.1. SiO2 - A high temperature Thermal Oxide

Figure 5.1: Mobility vs carrier density of a Si-Thermal SiO2 MOSFET at 4.2K. Tox =

5nm.

sity relationship of the MOSFET is determined at 4.2K. The critical density

where the mobility goes to zero is taken to be the trap density.

5.1 SiO2 - A high temperature Thermal Oxide

Thermal growth of SiO2 is a widely used method of obtaining a high quality

oxide on silicon, as the processing is relatively simple and highly controllable.

MOSEFTs were fabricated on Si wafers with thin (5nm) thermal oxides. The

details of the oxide growth were given in section 3.1.1. The results of measure-

ments on these devices were discussed in detail in the last chapter. A charac-

teristic mobility-carrier density plot is shown in figure 5.1.

The trap density was found to be 2.1(±0.3) × 1011cm−2 for as grown ther-

mal oxides. The maximum mobility was 5501 cm2/Vs, at n = 1.96× 1011cm−2.

This compares well to other reported values of the mobility in MOSFETs with
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thermal SiO2 as the dielectric. However, there have been reports of mobilities

of up to ∼ 70000 cm2/Vs in MOSFETs with ncrit = 0.7 × 1011cm−2 in some

cases[107], indicating that there is room for improvement in the oxide growth.

5.2 Low temperature deposition of Oxides

An important consideration when an oxide is deposited is the diffusion of

dopants in a device. As the size of electrical devices are decreased, control

of the placement of dopants becomes more important. For phosphorus doped

silicon, a thermal treatment at 950◦C for 10 minutes will give a diffusion length

of 15nm. Recent advances in the placement of single dopants in silicon with

atomic precision by STM lithography require that any future processing be

at low temperature to limit diffusion of the dopant atom [108]. One way to

achieve this is to deposit oxides at low temperature. The following section will

focus on dielectric barriers formed by low temperature deposition.

5.2.1 Plasma Enhanced Chemical Vapor Deposition (PECVD)

of SiO2

Chemical vapor deposition is a widely used technique for depositing dielectrics.

The sample to be deposited is placed into a vacuum chamber, which is filled

with a combination of precursor gases. For silicon dioxide, the precursors

widely used are silane, SiH4, and oxygen. The reaction of these two gases

forms the SiO2 layer, with hydrogen produced as a byproduct. Plasma en-

hancement provides energy additional to the thermal energy, which helps in

the growth of oxides at low temperature [22].
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Figure 5.2: Mobility vs carrier density of a Si-PECVD SiO2 MOSFET at 4.2K. Tox =

39nm.

SiO2 deposited via PECVD is widely used as a dielectric barrier, with uses

ranging from ion implantation masking to passivation layers [22]. It is useful

in that it can be deposited at very low temperatures (∼ 400◦C), which serves

to limit diffusion of donor species within the sample. However, the quality of

PECVD SiO2 is generally considered to be worse than thermally grown SiO2

[22].

Using the same Hall bar structure as in section 5.1, PECVD SiO2 of nomi-

nally 40nm thickness was deposited at 400◦C. From the linear n vs Vg relation-

ship, the thickness of the oxide is found to be 39nm. The mobility as a function

of carrier density was determined at 4.2K, and is shown in figure 5.2.

The critical density of this device is 1 × 1012cm−2, and its peak mobility

is 308cm2/Vs. This indicated a significantly worse trap density than for the

thermally grown oxide. The shift of the mobility peak to higher carrier den-

sity indicates an increase in impurity scattering, probably due to defects at the
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interface. This is in contrast with previous reports of the mobility in PECVD

SiO2 MOSFETs, with mobilities of up to 1300 cm2/Vs at 4.2K [109]. This may

be due to the surface preparation of the silicon substrate, which has a large

effect on the electrical properties of the Si-SiO2 interface due to the additive

nature of deposition compared to thermal oxidation which tends to improve

the interface as the silicon is consumed during growth [109].

5.2.2 Atomic Layer Deposition of Al2O3

Another method of growing a low temperature dielectric is atomic layer depo-

sition [110–112]. In this method, a sample is sequentially exposed to two pre-

cursor gasses, building up a compound dielectric layer by layer. For example,

with Aluminium oxide, the gases 2Al(CH3)3 and 3H2O are alternatively ex-

posed to the sample, resulting in the formation of a monolayer of Al2O3 on the

surface and 6CH4 as a bye-product [110, 113]. By repeating this process many

times, an arbitrary thickness of oxide can be deposited. ALD, like PECVD, can

be performed at low temperature, which limits donor diffusion. However, its

advantage is that the thickness of the dielectric layer can be controlled to the

monolayer.

Due to these features, the variety of uses of ALD for oxide formation is in-

creasing. ALD Al2O3 has been used as a gate dielectric in Si-SiGe heterostruc-

tures [114], allowing the 2DEG density to be changed in a linear, instantaneous

and non-hysteretic fashion. It has been used in superconducting qubits to form

single crystal tunnel barriers, resulting in junctions with very high quality fac-

tors [115]. MOSFETs fabricated by ALD of Al2O3 on Si(100) have been demon-

strated, with mobilities of up to 100cm2/Vs at room temperature [116].

To investigate the quality of the oxide available, a 50nm layer of Aluminium
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Figure 5.3: Mobility vs carrier density at of a Si-ALD Al2O3 MOSFET at 4.2K. Tox =

50nm.

Oxide was deposited, using ALD, onto Si(100) substrates with pre-diffused

Phosphorus source and drain ohmic contacts. These wafers were subsequently

processed into MOSFETS with a 200nm thick layer of Al as the gate metal-

lization. Following this, low temperature measurements of the mobility as a

function of carrier density were undertaken. The results are shown in figure

5.3.

The trap density of the ALD Al2O3 MOSFET is 6.6 × 1011 cm−2 and the

maximum mobility is 639cm2/Vs . This agrees well with the previously re-

ported mobilities, as a higher mobility at low temperature will be expected.

5.2.3 Comparison of the Different Oxides

In this section, the three different dielectrics are discussed in relation to each

other. For comparison, the plots for the three different dielectrics are shown
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Figure 5.4: μ vs n plots for the three different dielectrics measured.

together in figure 5.4, and the defect density and maximum mobility shown in

table 5.1. It is clear from the much lower defect density and higher mobility

that if there is no concern for dopant diffusion, a high temperature thermal

growth of SiO2 provides the best properties of the dielectrics studied. Indeed,

for most of the work to be presented later in this thesis, the oxide is grown

on undoped Si, where diffusion is not a problem, with implantation of donors

after oxide growth.

However, the results on ALD Al2O3 are promising, and more research into

the improvement of this material for use as a barrier when limited dopant dif-

fusion is necessary is warranted. This material may be of benefit in devices

where the donors are precisely placed before oxide growth. An example of

this is in scanning tunneling microscopy (STM) lithography[117], where the

donors can be placed with atomic precision [108, 118]. Any thermal process-

ing after the donor placement will lead to unwanted donor diffusion, mak-
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Dielectric Trap Density Maximum Mobility

1011 cm−2 cm2/Vs

Thermal SiO2 2.1 5501

PECVD SiO2 10.3 308

ALD Al2O3 6.6 639

Table 5.1: Comparison of the defect density and maximum mobility of MOS-

FETs with three different dielectric barriers.

ing ALD a highly relevant deposition method. PECVD, which is the worst of

the dielectrics investigated, has shown better transport characteristics in other

studies, but will require much optimisation of the deposition parameters and

surface preparation if it is to compete with thermal SiO2 .

5.3 Summary

In this chapter, the effect of three different dielectric materials on the low tem-

perature transport properties of Si-MOSFETs has been investigated. Atomic

layer deposition of Al2O3 is shown to be a viable barrier, and may be of benefit

in devices where limited thermal diffusion of dopants is necessary. PECVD

SiO2 may also be used, but the large parameter space in which to optimize

the growth conditions are a disadvantage. Of the three barriers investigated,

thermal SiO2 is found to have the lowest defect density and highest mobility,

and is thus the dielectric of choice when thermal diffusion of dopants is not a

consideration. As such, thermal SiO2 was chosen as the preferred dielectric for

the remainder of the experiments reported in this thesis.
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Chapter 6

Electrically Detected Magnetic
Resonance of ion implanted Si:P
nanostructures

This chapter looks at the detection of magnetic resonance via its effect on the photo-

conductivity of ion implanted Si nanostructures. It investigates the effects of various

experimental parameters on the observed signal. Devices designed to allow detection

of a small number of spins by restriction of current are discussed. These devices are

demonstrated to allow the detection of electron spin resonance from ∼ 100) donors.

Parts of this chapter have been published as:

Electrically detected magnetic resonance in ion-implanted Si:P nanostructures

D. R. McCamey, H. Huebl, M. S. Brandt, W. D. Hutchison, J. C. McCallum, and

R. G. Clark and A. R. Hamilton

Applied Physics Letters 89, 182115 (2006)
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6.1 Motivation

With the interest in using ion implanted Si:P for spin based QIP [19, 26], it is

important that the spin properties of the system, such as phase coherence and

spin lifetimes, be well understood. As an example, recent work by Schenkel et

al [119] has shown that the choice of ion implantation parameters can influence

the phase coherence time of the donor electron of antimony in silicon, which

must be considered when fabrication of QC devices via ion implantation is

proposed. However, since standard ESR is limited in sensitivity to ∼ 109 − 1010

spins [40, 55], experiments using this method are only possible on systems with

a large number of spins. This problem can be overcome by detecting magnetic

resonance via the effects of spin selection rules on other observables, such as

magnetic force [57], radiative transitions [120], or charge transport [58, 72, 121].

One such technique, electrically-detected magnetic resonance, detects ESR

by its effect on the conductivity of a sample (see chapter 2 for a detailed in-

troduction). This method has the advantage of being able to detect the signal

from far fewer spins than conventional ESR [72]. However, the study of Si:P

via EDMR has previously been limited to samples with bulk doping [60, 63],

or to samples with very high dose (metallic) implants [68]. In this chapter, the

detection of EDMR in silicon doped by low-dose low-energy ion implantation

is reported. Also reported is a method to reduce the number of donors that

can be detected by masking the implant area to reduce the number of donors

implanted into the substrate.

This work is also motivated by experiments currently being undertaken in

the Centre for Quantum Computer Technology at the University of New South

Wales [27, 83, 122–125]. The aim of this work is to investigate the movement of

83



6.2. Concept

charge between locally doped silicon regions, with the ultimate aim of moving

a single electron between two individual P donors in silicon. A challenge for

this task is the ability to determine the source of the observed charge motion:

donor-to-donor, defect-to-donor or defect-to-defect are all possibilities which

are presently determined by inductive reasoning. The use of a resonant tech-

nique that allows the spectroscopic determination (such as through the unique

value of the hyperfine coupling) of the donor species which contributes to the

observed signal will be beneficial to these experiments. Whilst EDMR may

not in itself achieve this result, experimental work in this are will inform re-

searcher, and perhaps lead to a useful method of spectroscopically identifying

the source of the charge movement in the experiments listed above.

6.2 Concept

EDMR is a sensitive probe of spin resonance as it can be restricted to flow

completely through the material being investigated. Thus, restriction of the

current to a very small sample are containing few spins should allow detection

EDMR of small number of spins in the small sample volume. To achieve this

restriction, nanoscale devices fabricated by ion implantation will be used to

provide current restriction to small areas of lightly doped silicon (Section 6.3).

By scaling the lead size with the size of the sample volume, the number of

spins that can be detected should be able to be reduced (Section 6.8).
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6.3 Fabrication

For this study, devices consisting of metallic doped Si:P leads leading to the

non metallic doped sample region were used (see figure 6.1).

Devices were fabricated on a high resistivity (> 8kΩ.cm) n-type silicon

wafers. Firstly, ohmic contacts for the source and drain leads of the device

were defined via phosphorous diffusion (see figure 6.1). A 5 nm gate oxide

was then grown using a wet oxidation process. High-resolution TiPt (20 nm

Ti, 15 nm Pt) alignment markers, 100 nm x 100 nm in dimension, were defined

by electron-beam lithography (EBL). These markers were used to align subse-

quent EBL steps with an accuracy of 50nm, and are able to withstand rapid

thermal annealing. A 150 nm poly-methyl-methacrylate (PMMA) resist was

applied and patterned by EBL for use as a mask for ion implantation of the

leads.

Phosphorus ions at 14 keV were implanted with an areal dose of approxi-

mately 1×1014 cm−2 (maximum actual doping, approximately 5×1019 cm−3)and

a mean implantation depth ∼20nm. The straggle associated with implantation

at this energy is ∼7nm [84].

This process was then repeated for the sample region, but the implant was

reduced to 5×1011 cm−2, giving a maximum donor density of approximately

2×1017 cm−3. For a number of samples, the second EBL step was omitted, re-

sulting in implantation all over the wafer, and a number of devices had no sec-

ond implantation. These three types of devices are referred to as ” implanted”,

”field-implanted” and ”control” devices. For clarity, this device naming con-

vention is is shown schematically in figure 6.2.

Finally, Al/Au contacts to the diffused regions were fabricated.
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Figure 6.1: a) A schematic of the completed device showing P diffusion and implated

region. The sample region, of size ls × ws, is between the implanted leads. b)SEM (top

view) of the device showing the implanted leads pre-RTA, and c) an expanded SEM

(top view) of the sample region.
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Figure 6.2: Schematic representation of the sample area (top view) in a) a ”mask-

implanted”, b) a ”field-implanted” and c) ”control” devices. The solid blocks repre-

sent the degenerately doped source and drain leads. The hashed area is the area that

was implanted with the second, low dose implant in each case.
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Figure 6.3: IV characteristics of intrinsic (control) EDMR devices at 4.2K for different

sample area size.

6.4 Device Testing

Measuring the IV characteristics of the devices at 4.2K and with no light con-

firms that the leads work as expected. Figure 6.3 shows the IV characteristics

of samples fabricated on intrinsic wafers. The IV characteristic is non-ohmic

for all but the device with a 50nm gap, which is ohmic.

The 50nm gap device is ohmic as the sample region is connected due to

the straggle of the implanted leads, which has been seen previously [82]. The

resistance of the leads is approximately 180kΩ.

Focusing, on the 1um sample as an example of the remaining devices, we

see that for bias voltages less than 2.5V there is no current through the sample.

Above this voltage, the sample conducts ohmically, with a resistance ∼ 100kΩ.

The same resistance is seen for all sample sizes between 500nm and 5um, indi-

cating that the resistance is dominated by the gap region.
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Figure 6.4: IV characteristics of bulk doped EDMR devices at 4.2K for different sample

area size.

The IV characteristics of the bulk doped samples, shown in figure 6.4, are

different In this case, the turn on voltage is an order of magnitude smaller than

for the implanted devices, and the resistance increases as the sample size de-

creases. This can be explained by avalanche breakdown across the gap, which

explains the increase of turn on voltage with gap size, after which the resis-

tance of the device is dominated by the lead resistance. This gives a lead con-

ductance per unit width of ∼ 200nS/nm.

EDMR signal size from a device perspective

It is important that the dominant source of resistance is determined, as this

will greatly effect the signal seen. Since the change in resistance of the sample,

ΔRsample is measured, and the resistance is given by Rsample + Rleads, the change

in total resistance when ESR conditions are satisfied is given by:

89



6.4. Device Testing

Figure 6.5: Effect of lead resistance and sample resistance on the observed change in

the resistance of the system.

ΔR/R = ΔRsample/(Rsample + Rleads) (6.1)

If we assume that the change in resistance of the sample is constant, then

the ratio of the sample resistance to the lead resistance is important, as it de-

termines the maximum change in the resistance of the system that can be ob-

served. This is illustrated in figure 6.5, where Δ R/R for the system is shown

as a function of the lead resistance for different sample resistances.

According to this analysis, to obtain the maximum signal it is important

that ratio of the lead resistance to the sample area resistance be as small as

possible.
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6.5 EDMR of bulk P doped silicon

As an initial test of the ability to use EDMR on Si:P devices, samples were

fabricated on silicon wafers grown with a P doping density [P]= 1017 cm−2.

The measurement setup and technique was outlined in section 3.3. An EDMR

signal from these samples is shown in figure 6.6. Three main resonances are

present. The two resonances at 345.2mT and 349.4mT, separated by 4.2mT,

are from ensembles of single donors. The two lines arise from the hyperfine

coupling of the donor electron with the spin 1/2 nucleus. This leads to a split-

ting of the line by 4.2mT, as discussed in section 2.1. The central line is due

to strongly exchange coupled pairs of P donors (exchange coupling energy >

hyperfine interaction energy) which leads to an effective nuclear spin of zero

when the two P pairs have opposite spin. Phenomenologically, one can con-

sider the electron to be moving back and forth between the two donors much

faster than the larmor frequency, in effect experiencing an average nuclear spin

of zero over the course of the measurement.

Note that in the case where the spins of the two exchange coupled donors

are not opposite, the average spin is either 1/2 or −1/2 and the resonance

aligns with the single donor resonance. Higher order exchange coupled group-

ings can occur (e.g. three closely coupled donors) [45] but these clusters are

statistically unlikely to form at these doping densities [61].
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6.5. EDMR of bulk P doped silicon

Figure 6.6: The EDMR signal from bulk P doped Si. The two hyperfine P lines are split

by 4.20 mT, as expected.
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6.5. EDMR of bulk P doped silicon

Figure 6.7: a) Bulk doped substrate with implanted leads and b) Intrinsic substrate

with field implant and leads. The red dashed line is a fit to the spectra, and the blue

lines each of the individual resonances used in the fit. The most obvious difference is

the additional resoannces between 345mT and 347mT, which are attributed to the Pb

defect. The details are discussed in the text.
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6.6 Comparison of Bulk Doped and Implantation

Doped Devices

Figure 6.7 shows the comparison between a bulk doped and field implanted

device. In the field-implanted sample, the two P lines with a hyperfine split-

ting of 4.2mT are again visible. There are however two clear differences in the

data. Firstly, the two additional resonances at B = 346.4 and B = 345.8mT

which are present in the field-implanted device but not the bulk doped device.

These two resonances are attributed to the Pb0 and Pb1 defects [126, 127]. These

defects are due to silicon dangling bonds at the silicon-silicon dioxide interface,

with the different g-factors resulting from the different crystallographic direc-

tions in which the dangling bond points [126]. Due to the nature of the defect,

any future reference to the Pb defect should be taken to be a reference to all of

the Pb , Pb0 and Pb1 defects unless explicitly stated.

Next, the magnitude of the observed signal is much larger in the field-

implanted sample when compared to the bulk doped sample. To explain this

difference, we must consider the difference in the conductivity of the two

devices, which was discussed in section 6.4. The sample region of the bulk

doped device has a much smaller resistance than the sample region of the

field-implanted device. Equation 6.1 shows that this decrease in the sample

resistance will lead to a decrease in the observed signal in the bulk doped sam-

ple. However, due to the inability to determine the actual resistance in the

presence of the applied light, this difference is not able to be quantified.

An alternate explanation is that the mechanism by which EDMR is ob-

served in the bulk doped sample is different from that in the field-implanted

sample. This is supported by the lack of a Pb defect signal in the bulk doped
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sample. Since the KSM model described in section 2.6 requires a photoexcited

carrier to recombine through a phosphorus-Pb defect pair, the Pb resonance

should be visible in the EDMR spectra. This is the case in the field-implanted

samples, where the P and Pb resonances have a similar magnitude. However,

the lack of a Pb resonance in the bulk samples indicates that the EDMR mecha-

nism differs from the KSM model. Indeed, there are other mechanisms, such as

the Lepine model of EDMR [73] or bolometric detection of ESR [128], which do

not require the photoexcited electron to recombine through a pair of carriers.

6.7 Characterising EDMR of ion-implanted P donors

in Si

Little work has gone into characterisation of the effect of various experimental

parameters on the observed EDMR signal in Si:P. In this section, common pa-

rameters are investigated in a phenomenological approach, informing the ex-

perimental parameters to be used in later work. The parameters investigated

here are Bias Voltage, Measurement Frequency and Measurement Tempera-

ture.

6.7.1 Effect of Bias Voltage

This section will investigate the effect of the magnitude of the current flowing

through a device on the EDMR signal seen. Figure 6.8 shows the EDMR spec-

tra obtained for an implanted sample, under illumination, with two different

currents flowing.

Due to the complicated nature of the spectra at low field due to the over-
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Figure 6.8: The EDMR signal from an implanted sample with two different currents,

I = 2.29μA (black)and I = 0.54μA (red).

lapping spectra of the Pb defect resonances and the low field P resonance, the

high-field P resonance will be used for comparing the different spectra.

In figure 6.9a, ΔI/I for the high field resonance is shown in more detail.

Figure 6.9b shows the absolute change in current, ΔI, for the two spectra.

The relative change in signal, ΔI/I is constant, whereas the absolute change

in current, ΔI, scales with the absolute current, I. This is expected from the

discussion given in section 2.6, where the change in the recombination rate

leads to a change in the relative current, ΔI/I . This suggests that for larger

absolute changes in signal (which should be easier to detect), it is best to have

larger absolute currents.
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Figure 6.9: a) The relative change in current, ΔI/I , and b) the absolute change in cur-

rent Δ I, of the high field P resonance for two different values of I, 2.29μA (black)and

0.54μA (red).

6.7.2 Effect of Measurement Frequency

An important characteristic of any electrical measurement is how the measure-

ment changes with frequency. In EDMR, the frequency dependence is able

to provide information about the recombination times of the spin dependant

processes that are being investigated [129]. However, it is important that the

measurement of frequency dependent phenomena is not dominated by the

characteristic times related to the RC time constant of the measurement setup.

It has been shown [129], that for a recombination process with characteristic

time τr, the signal amplitude scales as

(ΔI/I)max = Smax((ωτ)2 + 1)−1 (6.2)

where Smax is the maximum amplitude at the low frequency limit and ω is the

angular modulation frequency of the B field.

Figure 6.11 shows a plot of the maximum peak height of the high field P

signal as a function of measurement frequency. Also shown is the fit to this

data of the form given in Equation 6.2 above. The fit yields Smax = 6.5 ± 0.8 ×
10−4 and τr = 7.5 ± 3μs.
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Figure 6.10: The EDMR signal from ion implanted Si:P for different B-field modulation

frequencies, measured at T= 5K. The two traces marked with a ∗ were measured in a

different measurement run.
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Figure 6.11: The signal size of the high field P line as a function of measurement

frequency.

However, if this is the case, it is important to remove the possibility that the

decrease in signal is due to the RC time of the system. The sample used for the

above measurements has a resistance of order 1MΩ. The characteristic time,

7.5μs, would require the device capacitance to be much smaller than 10 pF to be

able to exclude the RC constant as the source of the observed decrease in signal.

However, this value is a quite reasonable value for the system (comprising

the sample as well as the connecting wires). Further work will be required to

unambiguously determine the source of the frequency dependence.

From these measurements, it is seen that the best frequencies to measure

the EDMR signal is at frequencies below 20kHz. In light of this result, fu-

ture measurements will be undertaken with Bmod = 1kHz, unless specifically

stated.
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6.7.3 Effect of Temperature

The temperature dependence of the measured EDMR signal for a field implant

is shown in figure 6.12. Focusing on the high field resonance, the strength of

the resonance is seen to decrease as the temperature is increased from 5K to

30K. However, in this range the Pb resonance does not change appreciably.

The signal amplitude of the high field P is shown in figure 6.13.

The data was fit with functions of the form ΔI/I = ATn and ΔI/I =

Ae(−T/T1); of these it was best fit with an exponential decay of the form

Δ I/I = (1.30 ± 0.05) × 10−4[e(−T/10.6±1.2)] (6.3)

The characteristic temperature for the decrease in the signal, T= 10K, equates

to an energy of 0.8meV. This energy scale is not associated with any char-

acteristic energies of the system: electron (∼ 37μ eV)or nuclear (∼ 20neV)

zeeman, donor electron binding energy (∼ 44meV), or hyperfine interaction

(∼ 0.48μ eV).

Morooka et al [130] have previously investigated the effects of tempera-

ture on the ESR signal from bulk doped Si:P with a doping density of 1.3 ×
1017cm−3. They observe a peak in the intensity of the hyperfine split lines

at 11K, which becomes smaller as the temperature is moved away from this

point. They attribute this dependence to the change in the relaxation time of

the P donor electrons, which in turn effects the magnetic susceptibility of the

system. However, in EDMR where the susceptibility of the system is not im-

portant to the detection of a signal, we must look further for the source of the

temperature dependence.

Dugdale et al [131] have also investigated the temperature dependence of

the hyperfine signal. They observe a decrease in the hyperfine splitting as the
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Figure 6.12: The effect of measurement temperature on the observed EDMR signal of

Si:P.
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Figure 6.13: High field P resonance amplitude as a function of measurement temper-

ature. The Blue line is an exponential fit.

temperature is increased, which they attribute to motional averaging due to

the donor electron hopping rate between donors increasing with temperature.

However, large changes in the magnitude of the hyperfine splitting, up to 1mT,

are also observed. No shift is seen in the measurements presented here.

A reasonable explaination for the decrease in the resonance amplitude is a

decrease in the coherence time of the donor electrons. Feher [51] demonstarted

that the decoherence rate of the donor electron has a T7 dependence in the

temperature range 3-4K. This rapid decrease in coherence time in the vicinity

of 10K leads to a large decrease in the observed resonance signal, due to the

spin lifetime becoming much shorter than the measurement time.

The measurements presented in this section have focused on the phenomeno-

logical effect of various measurement parmeters with the aim of increasing the

signal quality. It is seen that the best parameters involve using low frequency
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(∼1kHz) B field modulation, low temperature (e.g. 5K) and high current. This

information will allow effective collection of future EDMR spectra.

6.8 Decrease of number of donors

This section investigates in detail the implanted device type. These devices,

which use a PMMA mask to ensure that P is implanted only into the sam-

ple region between the implanted leads, allow the number of donors that are

being investigated to be determined precisely. Previous measurements to de-

termine the number of donors have required that the measurement region be

estimated. This problem is overcome by implanting a (statistically) known

number of donors into the sample region of the device.

Figure 6.14a is the spectra from a field-implanted sample, which was dis-

cussed in detail in section 6.6 above, and is shown here for comparison pur-

poses. Figure 6.14b shows the relative current change for a mask-implanted

device with ws = ls = 100 nm. The number of P implanted into the active

region is 50±8, as determined from the implant parameters. Even with such

a small number of phosphorus donors in the active region, an EDMR signal

intensity given by the peak-to-peak current change of the high-field hyperfine-

split P resonance of ΔI/I = 1.5 × 10−5 is easily detectable. The defect signal

observed in the mask-implanted samples is dominated by a single resonance

at g = 2.005, characteristic of the dangling bond signal widely observed at

Si/SiO2 interfaces [132].

Due to the use of P in the lead fabrication, the effect of the straggle of the

lead implantation in contributing donors to the active sample area must be

taken into account. Figure 6.14c shows the EDMR signal from a control device,
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Figure 6.14: EDMR signal I / I vs magnetic field for (a) a type 1 sample with ws = ls =

500nm and (b) a type 2 and (c) a type 3 device both with ws=ls=100 nm. The red lines

are fits to the experiment. The blue lines in (a) show the constituent lines of the fit. The

constituent line at B=349 mT completely coincides with the full fit, and is therefore not

visible.
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also with ws = ls = 100 nm, where there is no second implant of P into the

gap area. The characteristic signature of hyperfine-split P is still observable,

however with a smaller ΔI/I = 6 × 10−6. This signal is due to the straggle of

the leads, which will now be consider in detail.

Effect of Lead Straggle

Spin-dependent hopping in Si:P at very high P concentrations has been studied

in detail, including samples where P incorporation was obtained by implanta-

tion [68, 133]. An increase of the dark conductivity was observed under ESR

conditions at the central, exchange coupled resonance with g ≈ 1.9985 [134]

for metallically doped samples, with typical values for |ΔI/I| decreasing from

10−5 − 10−7 at [P]� 6× 1018 cm−3 to 10−10 at [P] > 3× 1019 cm−3 [68, 135, 136].

Therefore, a contribution from the leads in these experiments will be limited to

the central line at g = 1.9985 due to the high doping concentration. In contrast,

hyperfine-split lines can only arise from P with a local concentration below

1018 cm−3 [137]. The amount of P with [P]≤ 1018 cm−3 in a control device with

ws = ls = 100 nm in the sample area between the leads and due to straggle can

be estimated from SRIM simulations[84] for these implantation parameters to

be about 50 ± 8 considering the surface of the leads facing the sample area.

Finally, due to the overlap of the two implantation processes a total of about

85 ± 10 P donors in the sample area from the leads and the secondary implant

are present in the implanted device with ws = ls = 100 nm.

Since resonant changes in the photoconductivity are monitored, the possi-

bility of diffusive transport and spin-dependent recombination throughout the

whole sample cannot be neglected. To study this quantitatively, ΔI/I is deter-

mined as a function of the size of the device. Figure 6.15 shows the EDMR
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Figure 6.15: Scaling of the EDMR signal intensity (Δ I/I) with varying structure size

ws for a series of devices of all three types investigated. The lines are guides to the

eyes.
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signal intensity of the P hyperfine-split peak at B = 348.88 mT for all types

of samples as a function of ws = ls. Notably, the EDMR intensities of the

mask-implanted and field-implanted devices cluster at ΔI/I ≈ 10−3 and at

ΔI/I ≈ 10−5 respectively, independent of ws = ls. Due to Ohm’s law and

the quadratic geometry of the gap, the resistance of each type of device stud-

ied in a purely drift based model is independent of the characteristic size and

therefore the resonant changes in the current should indeed be size indepen-

dent. This demonstrates that with the restriction of the current path to areas

containing few P donors, Pauli-blockade effects lead to an effective influence

of the transport properties of the device. Differences in the EDMR signal in-

tensities between the different device types are expected due to the different

areas implanted with P and the current path not being restricted completely

to the gap area. Where multiple measurements were performed, the spread of

ΔI/I for fixed sample size of a given type is less than 40%. However, the fact

that in the experiments on control devices, a significant spin-dependent recom-

bination is only observed for the smallest structure length, where the relative

contribution of the straggle to the P donors in the sample area is largest, clearly

indicates that the P donors in the active area contribute most to the EDMR sig-

nal, while the recombination near the leads or diffused contacts only plays a

minor part.

6.8.1 Noise Considerations for Single Spin Detection

To show that single spin detection is possible with this technique, we consider

the signal-to-noise ratio S/N of the spectra measured and determine from

them a signal-to-noise ratio S/N|1 for a single magnetic field scan based on
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Poisson statistics:

S/N|1 = S/N|n/
√

n (6.4)

where n is the number of measurements averaged.

This yields a typical S/N|1 ≈ 5 for field-implanted and S/N|1 ≈ 0.5 for

mask-implanted samples, again independent of size. If the independence of

the signal intensity on the structure length persists at smaller lengths, single P

donors could be monitored in mask-implanted samples with ws = ls = 14 nm

at the same S/N ratio. Fabrication of devices at this scale is achievable with

modest improvements to the current implantation scheme.

The relative signal intensities of the Pb0 and the P hyperfine-split lines found

in our experiments on ion implanted samples are of the same order of magni-

tude, independent of the overall signal intensity and the type of the device.

This provides further evidence that the spin-dependent recombination pro-

cess investigated is indeed a P-Pb0 pair process, where a photogenerated ex-

cess electron is captured by a P donor and forms a spin pair with a Pb0 defect,

a process also proposed as a readout scheme for silicon QIP hardware[138].

Furthermore, P-Pb0 pair recombination can only occur near the Si/SiO2 inter-

face, and therefore any P donors in the bulk of the sample, underneath the

implanted leads and the diffused contacts do not contribute to the EDMR sig-

nal.
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Figure 6.16: Schematic of the devices with Arsenic source-drain leads. The two differ-

ent implantations are shown. The sample region is the region between the source and

drain leads.

6.9 Devices with Arsenic Leads to Confirm small

number of donors

6.9.1 Concept

Whilst the results shown in figure 6.15 indicate that the signal is in fact due

to the low-dose implant into the sample region, further investigations were

warranted. One way to do this is to fabricate devices where the donor species

used for the ohmic contacts and leads is different from that in the active area, so

that any resonance detected can be attributed to the active area unequivocally.

Arsenic lends itself to this purpose, as it is a donor in silicon, can be implanted,

and has a different hyperfine splitting than phosphorus [28, 139].
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6.9.2 Device Fabrication - Implantation of Arsenic Ohmics and

Leads

Ion implantation was used to fabricate both the ohmic contacts and nanoscale

leads in these samples 1. The device is shown schematically in figure 6.16. Two

different energies were used in the implantation. The first, 15keV, was used

for the ohmic implantation, as this resulted in a peak distribution close to the

Si-SiO2 interface, providing high quality ohmic contacts. The second energy,

20keV, was chosen for the leads so that they would be at the same depth as the

P implanted into the sample region. The metallic region of these two implants

intersected in the z direction, ensuring a continuous conducting path between

the two implanted regions.

The implantation and incorporation of arsenic was discussed in more detail

in section 3.1.3.

Measurements of Devices with As Leads

Figure 6.17a shows the spectra for a device with arsenic leads and 50 implanted

donors.

The high field P resonance is clearly visible in the implanted sample, at

B = 348.07 mT. This resonance is not obviously seen in the control, shown

in figure 6.17b. This shows that it is possible to detect the signal from 50

donors via EDMR. However, it is possible that a small signal is present in the

noise of the control sample. Even if a signal were observed, this may be due

to a small contribution from the very small background doping present in the

silicon wafer. The wafer has a background phosphorus density [P] = 2 ×
1We choose to implant the arsenic for safety reasons
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Figure 6.17: Δ I/I vs B for 0.1μm x 0.1μm devices fabricated on intrinsic nSi wafers

a) with and b) without a non-metallic cluster implant. In these devices, the leads and

ohmics are fabricated via ion implantation of arsenic. The high field resonance from

the P donors is clearly visible in the 50 donor device, and is not visible in the control.

1011cm−3. The number of donors ion the area between the ohmic contacts (∼
10μm × 10μm × 2μm ) at this doping density is expected to be 40. However,

the current will flow preferentially through the implanted leads due to the

lower resistance. Making the assumption that at most 20% of the current flows

around the leads, then there is an effective contribution of 8 P donors to the

EDMR signal. This would lead to a small signal being observed. However, the

better the constriction of the current to the leads, the smaller this contribution.

This suggests a future experiment where more effective detection is obtained

by complete restriction of the current to the sample region, which is discussed

below.

However, even if there is complete detection of these donors, the the mea-

surements presented in this chapter represent the detection of less than 100

donors, at a level at least 7 orders of magnitude better than standard ESR, and
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4 orders of magnitude better than previous EDMR studies of donors in silicon.

6.10 Conclusions

The ability to detect the spins of donors in silicon is fundamental to a number

of proposals for quantum computation. By selective implantation of phospho-

rus into silicon using EBL, a pathway to the spectroscopic study of a small

number of donors in semiconductors has been demonstrated. We have shown

that it is possible to observe, using reasonably standard techniques, the change

in conductivity caused by as few as 100 spins.

It is important to note that this technique is not restricted to P, but can be

extended to other dopants, provided the donor electron is able to form a singlet

state with the defect electron. This will depend on the energy level structure of

the donor, which varies form case to case. It remains to be seen if this technique

can be extended to the study of single donors, which would make possible a

very interesting set of experiments.

One possibility for improving the signal seen would be to further restrict

the current flow through the device. This could be achieved by etching of SOI

to provide three dimensional restriction of the current to a small sample area.

A proposed architecture is shown in figure 6.18. A device 200nm ×100nm

×25nm thick on material with [P] = 1016cm−3 would contain on average 10

donors, and would also restrict the current to the interface region where the

spin dependent recombination process occurs.
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Figure 6.18: Proposed architecture for the elimination of unwanted shunt currents, by

etching small islands of Si:P using Silicon-on-insulator material.
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Chapter 7

EDMR of phosphorus donors in
isotopically pure 28Si

This chapter investigates the use of 28Si for the detection of few spins in the solid state.

Properties of the material such as chemical and isotopic purity are investigated, as

these factors effect the ability of this material to be used in the detection of small num-

bers of donors.

7.1 Introduction

Silicon consists of three natural isotopes. The natural abundance and nuclear

spin of these isotopes is shown in table 7.1. This chapter investigates phospho-

rus doped isotopically purified 28Si in EDMR experiments, and the effect this

has on the observed spectra, and the information that can be gained regarding

the suitability of this material for spin dependent devices.

In nSi :P, the relatively large fraction of 29Si with nuclear spin 1/2 leads to

the large linewidths observed in the EDMR spectra due to the superhyperfine
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7.2. Material

Species Natural Abundance Nuclear Spin

(%)

28Si 92.22% 0

29Si 4.69% 1/2

30Si 3.10% 0

Table 7.1: Natural abundance and nuclear spin of the 3 naturally occurring

silicon isotopes[140].

interaction between the dopant and the 29Si nuclei. In contrast to the standard

hyperfine interaction, where the donor electron interacts with the donor nuclei,

the superhyperfine interaction is due to the interaction of the donor electron

the nuclei in the surrounding lattice.

The superhyperfine interaction in silicon is much smaller than the hyper-

fine interaction. It has a typical strength of less than 0.3mT, compared with

4.2mT for the standard hyperfine interaction. The superhyperfine interaction

is manifest in the ESR spectra of Si:P as a broadening of the hyperfine split

lines. This results from a slightly different superhyperfine shift of the reso-

nance position of each of the donor electrons due to the random distribution

of 29Si atoms in the crystal.

7.2 Material

The material used in these experiments is commercially obtained isotopically

purified 28Si, supplied by Isonics Corporation1. The isotopic purity is greater

that 99.9%. The material is supplied as a 10μm epilayer on a high resistivity

1http://www.isonics.com/silicon28.htm
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7.3. Fabrication of EDMR devices

Figure 7.1: Schematic of the devices used for investigation of the intrinsic 28Si .

nSi substrate. The epilayer has a resistivity greater than 800Ω.cm, and the sub-

strate greater than 10 kΩ.cm.

7.3 Fabrication of EDMR devices

To perform EDMR, devices based on those outlined in section 6.9.2 of chapter 6

were fabricated, and are shown schematically in figure 7.1. These devices were

fabricated using ion implanted As for both the Ohmic contacts and leads. The

naming convention, ”implanted” and ”control”, is the same as that explained

in section 6.3.

7.4 EDMR of 28Si:P

In this section, EDMR measurements of 28Si :P are reported. Figure 7.2 shows

the EDMR signal from a 2μm × 2μm implanted sample. The two hyperfine

split lines are visible, as is the Pb resonance. However, in contrast to the nSi

samples, the P donor resonances dominate the spectra. This major difference

is due to the narrower lionewidth of the observed signal, which is discussed in

more detail below.

117



7.4. EDMR of 28Si:P

Figure 7.2: EDMR spectra of ion implanted 28Si :P. Pμwave = 17dBm, Bmod = 0.05mT

7.4.1 The cw-EDMR Linewidth

One way to characterise the purity of 28Si is to measure the linewidth of the

P donor resonance. The width of this line is dependent on the fraction of 29Si

present, f =29 Si/Si, with the linewidth decreasing as f 1/2 [54] .

However, the linewidth is also dependent on the measurement parameters,

including the specific microwave power and B-field modulation used during

the measurement. Overmodulation of either of these parameters can result

in artificially large linewidths, and as a result it is important that the effect of

these two parameters be determined.

Figure 7.3 shows a series of measurements at Pμwave = 17dBm, with 3 dif-

ferent values of B-field modulation, 0.3 mT, 0.1 mT and 0.05 mT. The experi-

mentally observe line width decreases from 0.31 mT to 0.09 mT, showing that

the broadening in this case is due to over modulation of the B-field.

To determine the smallest observable line width, a series of measurements
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Figure 7.3: EDMR signal as a function of the B field modulation amplitude, with

Pμwave = 17dBm.
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7.4. EDMR of 28Si:P

Figure 7.4: High field P linewidth as a function of both B field modulation and mi-

crowave power.

were taken, varying both the microwave power and B-field modulation am-

plitude. The linewidths of the high field P signal obtained from these mea-

surements is shown in figure 7.4. Both the power and the modulation serve to

increase the measured line width. However, the smallest line width observed

has Bp−p = 0.04 mT, measured at 5dBm with Bmod = 0.01mT. Using the data in

reference [54], this equates to a 28Si fraction of 0.999, in good agreement with

the manufacturers claimed purity of 0.999 [141]. However, this linewidth may

still be broadened by the microwave power, indicating that 0.999 is the lower

limit for the 28Si fraction.

From the linewidth measurements, we can also place a lower limit on the
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7.4. EDMR of 28Si:P

phase coherence time of the 28Si:P donor electrons. A line width of 0.04mT

at 330mT equates to a minimum coherence time of 850ns. This compares

poorly with recent pulsed ESR measurements on 28Si:P, which indicate coher-

ence times of up to 62ms at 6.9K [31] for P densities of 1016cm−3. This may

indicate that the linewidth being measured is still being broadened by the high

microwave power necessary tpo obtain a signal. This is supported by the fact

that decreasing the power in this regime always results in a lower linewidth.

The ability to measure narrower linewidths by continuing to reduce the

power and modulation is limited by the length of time it takes to obtain a spec-

tra with good signal-to-noise ratio. The spectra with the smallest linewidth has

S/N|1 = 0.086. This measurement required 840 averages to obtain S/N|840 =

2.5. To decrease the time taken to obtain this data, the external magnetic field

range was restricted to a small 1mT window around the high field peak and

the sweep time was reduced to 50 seconds. However, this measurement still

took longer than 11.7 hours to complete. The decreasingly small signals ob-

tained show that this method is unsuitable for determining the intrinsic T2

limited linewidth, and a more appropriate method for determining the phase

coherence times, such as the Hahn spin echo technique [142], is required.

However, recent pulsed-EDMR measurements [77, 143] of the Rabi oscilla-

tions of nSi:P have shown that the limiting factor in the coherence of systems

probed using EDMR is the recombination of the donor electron with the Pb

centre. The recombination of the donor electron, which allows the EDMR sig-

nal to be observed, is also an effective measurement of the quantum state. This

causes the loss of phase information, leading to an increase in the effective de-

coherence rate of the ensemble of spins. The measured recombination times in

the those experiments, of order 2μs, are very similar to the decoherence rate
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7.5. Few spins samples in 28Si

obtained from the cw-EDMR linewidths in the experiments discussed above.

The implication of these measurements is that, to measure long coherence

times using EDMR, it will be necessary to stop the electrons from recombining

during the period of spin manipulation. This could be achieved by perform-

ing the spin manipulation in the dark, followed by illuminating the sample to

measure the spin state via EDMR. This will lead to a more complicated signal,

as the initial generation of carriers will provide a very large current transient.

7.5 Few spins samples in 28Si

This section tries to determine if the number sensitivity seen in the previous

chapter is achievable using isotopically purified material.

Measurements on implanted sample with 50 implanted donors in the gap

were undertaken, as well as corresponding measurements on control samples.

Figure 7.5 shows the EDMR signal from an implanted sample with ws =

ls = 100nm, containing 50 donors. As measurement induced broadening the

spectra will not effect the results obtained, we choose to use a higher mod-

ulation amplitude (0.1mT) and microwave power (17 dBm) to provide faster

measurement times.

Clearly visible in the spectra are the two hyperfine split P lines, as well as

a smaller defect resonance at the Pb location. The maximum signal amplitude,

ΔImax/I ≈ 9 × 10−6. The narrow line widths, Bp−p ∼ 0.15mT, indicate that

the signal is indeed from donors in the 28Si epilayer. This spectra has S/N|1 =

1.05, which is much higher than that measured for the devices fabricated from

natural silicon.

However, similar measurements on a control samples with ws = ls =
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Figure 7.5: EDMR signal from an implanted 28Si sample with ws = ls = 100nm con-

taining 50 implanted donors in the sample region. The line broadening is due to over-

modulation of the B-field, with Bmod = 0.1mT. The signal was averaged 20 times.
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7.5. Few spins samples in 28Si

Figure 7.6: EDMR signal from a control 28Si sample with ws = ls = 100nm containing

no implanted donors in the sample region. The measurement was performed with

Bmod = 0.02mT. The signal was averaged 40 times.

100nm (figure 7.6and ws = ls = 1μm (figure 7.7)also show similar results.

The two hyperfine split P lines are again clearly visible, with S/N|1 = 0.56 in

the 100nm sample and S/N|1 = 0.43 in the 1μm sample.

The fact that the Si:P resonance is seen in both mask-implanted and control

samples indicates that the source of the resonance is not the donors implanted

into the sample region, but P that was unintentionally present in the material.
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7.5. Few spins samples in 28Si

Figure 7.7: EDMR signal from a control 28Si sample with ws = ls = 1μm containing

no implanted donors in the sample region. The measurement was performed with

Bmod = 0.1mT. The signal was averaged 100 times.
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7.6. Conventional ESR on 28Si

Figure 7.8: Conventional ESR of a 10μm 28Si epilayer with [P] = 1016cm−3.

7.6 Conventional ESR on 28Si

To further understand the the results indicating the presence of donors in the

nominally undoped samples reported in section 7.5, the materials properties

of the isotopically purified 28Si was investigated with conventional ESR. Con-

ventional measurements of the isotopically purified 28Si:P was undertaken on

material with a high background doping and material with nominally no dop-

ing. The material was measured in a standard Brucker ESR system. The results

of these investigations are outlined below.

ESR of intentionally doped 28Si ([P] = 1016 cm−3)

Figure 7.8 shows the ESR spectrum for 28Si:P doped to a density of 1016P/cm3.

These measurements show the standard 4.2mT hyperfine split P resonances.

The two P resonances have a linewidth of 13.9μT.
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7.6. Conventional ESR on 28Si

ESR of nominally intrinsic 28Si ([P] = 0)

Control measurements were also performed on nominally undoped epilayers

of 28Si . As there are no donors present in this sample, there should be no

hyperfine P signal.

However, a signal was also observed in these samples. The width of the

resonance (∼ 0.01mT) indicates that the signal is from P donors in the 28Si

epilayer, as line widths of ∼ 0.3mT are expected from any donors in the nSi

handle wafer due to inhomogeneous broadening of the resonance by 29Si nu-

clear spins.

Comparison of the intensity of the P resonances with the defect resonance,

and assuming a defect density of 2 × 1011cm−2 as determined in chapter 3,

indicates that there is a background density of ∼ 2 × 1013P/cm3. Resistivity

measurements of the epilayer also give a similar doping level(∼ 800Ω.cm),

which corresponds to a doping density of ∼ 6 × 1012P/cm3.[22]

It is important to consider the implications of this level of doping on the

signal seen in the 28Si device, with the aim of looking at few donor EDMR. It is

important to remember that the unintentional doping density of the intrinsic

nSi handle (which was used for the devices presented in the last chapter) is less

than 2 × 1011P/cm3.

Using these two densities, the number of donors expected in a 10um ×
10um × 2um region (which is approximately the area between the diffused

ohmic contacts in the devices used) is 40 and 4000, for intrinsic nSi and intrinsic

28Si respectively. When we consider that a small amount of the current in the

devices studied in the previous chapter will diffuse from one contact to the

other around the implanted leads, the presence of 4000 donors in this area will

greatly effect the signal that is seen. Making a simple assumption that the
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Figure 7.9: Conventional ESR of nominally undoped (∼ 850Ω.cm))28Si. Bmod = 0.2mT.
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effective contribution from this area is 10% of the signal, the number of donors

in the nSi case is effectively 4, which is negligible when compared to the 50

donors in the gap. However, in the 28Si , this equates to 400 effective donors,

which dominates over the 50 donors, making similar experiments impossible.

This background doping explains the reason that no difference is noted in

the EDMR signal from the implanted and control 28Si devices presented above.

However, this does not preclude the use of isotopically enriched 28Si for few

donor measurements. By further restricting the current through the sample,

the effect of the unintentional background doping can be reduced. In fact, in a

100nm × 100nm × 15nm sample region there is on average only 0.006 donors

in an unimplanted 28Si device, indicating that the measurement is possible

with more effective current restriction.

7.7 Future Improvement of the Method

The measurements above have shown that impurity concentration of currently

available isotopically purified 28Si is too low to perform measurements on

small number of spins in the way presented in this thesis. However, there may

be ways to achieve this using different device architecture. One of these would

be to use very small volumes of Si to limit the number of donors present.

The growth of isotopically purified 28Si nanowires has been demonstrated

[144], which would provide the required small volume. These wires have radii

as small as 10nm. At a standard doping density of 1016cm−3, a 1 μ m long wire

of this diameter will contain on average only 3.1 donors.

Also, the wire radius is only 4.2 Bohr radii (aBohr = 2.38nm [145, 146]).

Thus, a single P donor will extend over 5.6% of the cross sectional area of the
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wire. This large relative spatial extent, along with the complete restriction of

the current to the nanowire, should lead to large changes in the current on

resonance, making detection of EDMR easier.

7.8 Conclusions

In this chapter, EDMR of phosphorus in isotopically purified 28Si was reported.

The small resonance linewidth (Bp−p < 0.04mT)) verified that the signal seen

was from phosphorus donors in silicon with isotopic purity was greater 99.9%.

However, both EDMR and standard ESR measurements suggest that the mate-

rial has an unintentional background phosphorus concentration of order 1013

cm3, which prevents the detection of a small number of donors in this mate-

rial. However, more effective restriction, by using Si nanowires for example,

should allow these measurements to be performed.
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Chapter 8

Pulsed Electrically Detected
Magnetic Resonance of Ion
Implanted Si:P nanostructures

This chapter reports results of pulsed EDMR measurements on ion implanted nanos-

tructures. These measurements are the first reported p-EDMR measurements on im-

planted donors, and represent an important step towards electrical detection of the

coherent manipulation of few donors in the solid state.

Of particular interest to the quantum computing community is the ability

to control the quantum state of spins in the solid state. The ability to measure

the effect of this manipulation on a small number of spins is an important step

to the realisation of a spin based quantum computer. The ability to manipu-

late an ensemble of spins is well established, with pulsed-ESR (p-ESR)a model

implementation. However, whilst p-ESR is good at manipulating and detect-

ing the spins of large ensembles, and even manipulating manipulating single

spins [56], it is unable to detect the spin state of a small number of spins.

Pulsed EDMR has the advantage over pulsed ESR in that the signal from
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Figure 8.1: a) A schematic of the device used for the p-EDMR measurements. The

device used was a field implanted device with ws = ls = 500nm. b) SEM of the leads

pre-RTA in a similar device.

a small number of spin should be observable, due to the reasons outlined in

chapter 2. p-EDMR has recently been demonstrated on bulk doped nSi :P sam-

ples by Stegner et al[77, 143]. In this section, the first pulsed EDMR measure-

ment of ion-implanted nSi :P is reported. This forms a logical progression of

the work presented by Stegner et al [77], as ion implanted Si:P forms the basis

of a number of promising QC architectures [19, 26].

The samples fabricated for the cw-EDMR experiments presented in chap-

ter 6 were used to demonstrate the feasibility of p-EDMR in implanted struc-

tures. Samples with a low dose field implant of P were used as these sam-

ples showed the largest signal (Δ I/I) in cw-EDMR measurements. These are

shown schematically in figure 8.1.
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8.1. Measurement Details

Figure 8.2: Outline of the pulse timing for the p-EDMR measurements. In the experi-

ment reported in this chapter, trepeat = 170μs and tpulse = 350ns.

8.1 Measurement Details

To perform the p-EDMR measurements, the sample was placed into an exter-

nal magnetic field, which was swept from 342.7mT to 352.7mT in 128 steps.

A bias of 1.88V was applied to the source of the sample, and the drain was

connected to a Femto amplifier.

At each point of the sweep, high power microwaves ( f = 9.725GHz) were

pulsed for 350ns. The current through the sample was recorded for 100μ s, and

the measurement repeated every 170μs. The measurement process is shown

schematically in figure 8.2 The result of 500 shots was averaged at each point,

and the magnetic field sweep was repeated and averaged 350 times.

To obtain the p-EDMR signal, the background (non-resonant) transient sig-

nal of the device was subtracted from each measured signal. The resulting

transient map is shown in figure 8.3.

8.2 Proof of Concept Measurements

Figure 8.3 shows the transient signal as a function of both magnetic field and

time after pulse. The data is from a field-implanted device with ws = ls =
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8.2. Proof of Concept Measurements

Figure 8.3: Current transient Δ I vs B for 0.5μm x 0.5μm devices measured after a 350

ns microwave pulse.

500nm, implanted with an areal phosphorus dose of 1012 cm−2. The easiest

way to interpret this map is to take two slices through it, in both the time and

field direction. I will look first at a slice through the map at t = 2.6μs, which is

shown in figure 8.4.

Figure 8.4 shows what is in effect a standard EDMR spectra. Clearly vis-

ible at B = 349.8±0.2mT is the high-field P resonance, with the correspond-

ing low-field resonance visible at 345.7±0.2mT, a separation of 4.1±0.4mT,

as expected from the hyperfine splitting of P in silicon. The large feature at

B= 346.5 ± 0.4mT, which overlaps with the low field P resonance is identi-

fied as the Pb defect, as in the spectra measured in the cw-EDMR experiments
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8.2. Proof of Concept Measurements

Figure 8.4: Slice through the pulsed EDMR spectra at t = 2.6μs.
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8.2. Proof of Concept Measurements

Figure 8.5: Slice through the EDMR spectra at various B corresponding to no reso-

nance (red), high field P resonance (blue), and Pb resonance(black). The orange lines

are simple exponential fits to the data, with the characteristic time, τ, indicated next

to each.

described earlier.

We now turn to the extra information that can be obtained from these ex-

periments. In addition to the spectra, which are also obtained in cw-EDMR

experiments, we now have information about the temporal evolution of the

signal. Figure 8.5 shows the time dependence of the signal for three differ-

ent fields, corresponding to the high field P resonance, the Pb resonance and

to a section of the spectra where no resonance is expected. The non resonant

trace shows no change as a function of time. The traces for the two resonances

show a dip in the current, both having a minima at approximately t = 3μs. At
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8.2. Proof of Concept Measurements

shorter times, the transient recorded is limited by the rise time of the amplifier,

and this data is not able to be used in determining the actual response. Above

this time however, the data is found to follow a simple exponential decay of

the form ΔI(t) = ΔImaxe(−t/τ) + I0, where τ is the characteristic decay time,

ΔImax the maximum change in current, and I0 a small (∼ 0), constant offset

from 0.

The decay time is found to be 10.3 ± 0.4μs and 17.0 ± 0.4μs, for the high

field P and Pb transients respectively. The simple exponential nature of the de-

cay is different to that observed in other work. Both Boehme and Lips [147] and

Stegner et al [77, 143] find that the transient signal is a complex composite of

two exponential recombination curves, one enhancing recombination and one

reducing recombination. This complex transient characteristic is due to the dif-

ferent recombination probabilities and populations of spin up and down elec-

trons from the conduction band to the P donor after the microwave pulse [76].

However, close inspection of the Pb defect transient represented in figure 8.3

at t ∼ 80μs - 100μs shows an slight increase compared with the background,

indicating a reduction in the recombination. This reduction in recombination

(increase in current) is not visible in figure 8.4 due to the noise of the measure-

ment, which also limits the visibility in the case of the P resonances.

8.2.1 Noise Considerations

The logical extension of the work presented above is to determine the depen-

dence of the current transient on the microwave pulse length. As shown in

reference [77], it is feasible to use this technique to perform coherent Rabi os-

cillations of the donor electron spin. Unfortunately, the noise present in the

system (both sample and measurement setup) at present prevent this mea-

137



8.2. Proof of Concept Measurements

surement.

The signal to noise ratio, for the high field P signal, S/N|n = 3.5, for

n = 175000 averages. This equates to a single shot S/N|1 = 0.0085. To ob-

tain S/N|1 = 5, which would easily allow the signal to be detected in a single

shot, requires an improvement in S/N|1 of approximately 3 orders of magni-

tude. However, if single-shot measurement is not necessary, such that averag-

ing of the signal 100 times is allowed, and an order of magnitude improvement

in both the signal and the noise were achieved, then the measurement with

S/N = 5 could be undertaken in ∼ 20ms, compared with the 30s currently

required. The benefit of this improvement is obvious when a measurement

of the pulse length dependence is considered. To take data for 1000 different

pulse lengths would a present take ∼ 8.5 hours, whereas the improvement

would allow a similar measurement in 20 seconds. This allows the require-

ments for the stability of the measurement apparatus to be relaxed, and makes

the investigations of these effects experimentally feasible.

8.2.2 Number of donors detected with p-EDMR

Of interest is the number of donors that contribute to the signal being mea-

sured. This can be determined by integrating the change in the current to de-

termine the total number of electrons. This will set a maximum on the number

of donors that contribute to the signal.

The integral of the P donor peak equates to 2.9× 104 electrons, which is the

maximum of the number of donors that may contribute to the signal. Given

the signal to noise of 3.5, this equates to a maximum sensitivity of 8300 donors

with S/N = 1. This represents an increase in sensitivity of approximately 6

orders of magnitude over conventional pulsed-ESR measurements, and is of
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the same order of magnitude that has been observed in pulsed EDMR mea-

surements in bulk doped Si:P systems [77].

8.3 Conclusions

The measurements presented above show that the measurement of pulsed

EDMR of ion implanted sample is in principle possible. Future work should

focus on reducing the noise and increasing the signal to allow the electrical

readout of coherent manipulation in few-donor ion-implanted systems. The

ultimate aim, single shot electrical readout of the spin of a single donors, re-

mains a formidable challenge, requiring the development of better electronic

systems and new device architectures.
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Chapter 9

Conclusions and Future Work

In this thesis, the charge and spin properties of Si:P have been investigated

using electrical transport measurements. Different device types and experi-

mental techniques have been utilised as appropriate, and a number of new

devices architectures developed where necessary.

9.1 Defect Density, Ion Implantation and Dielectrics

The defect density in Si-MOSFETs was determined by use of mobility measure-

ments at low temperature. This method had the advantage of only measuring

defects near the Si-SiO2 interface, which is the most important region for a

number of proposed QC architectures. The defect density of the pristine oxide

was found to be ∼ 2 × 1011cm2, which is of order the dopant spacing in these

proposals. This result indicates that the oxide will need to be improved for

implementation of these types of QC architectures, but that devices consisting

of one or two qubits could in principle be fabricated.

This technique was then used to investigate the effect of ion implantation

on the defect density. The devices were implanted with 15keV P ions, and

then annealed at 1000◦C for 5 seconds to repair the damage due to implan-
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tation. The number of defects was found to increase linearly with implant

density, with an additional 0.08 ± 0.01 defect per implanted ion. However,

silicon implantation did not cause an increase in defect density. This lead to

the conclusion that the additional traps were actually the additional P donors

in the channel of the MOSFET. This fraction of the implanted dose agree well

with the number of additional donors expected calculated using implantation

modeling for the implant distribution and a Schrodinger-Poisson approach for

the electron wavefunction.

This result is promising for the fabrication of both quantum mechanical

and non-quantum mechanical electronic devices. As electrical devices become

smaller, the effect of individual defects will play a larger role on the transport

properties of the device. Since ion implantation is widely utilised in the fab-

rication of these devices, the ability to perform a low dose implant without

creating additional defects is increasingly important.

Measurements on the properties of a number of dielectrics were under-

taken. Thermally grown SiO2 was found to provide the best properties, which

was probably to be expected given the numerous and varied exploitation of

this material in the semiconductor industry. However, Al2O3 deposited via

atomic layer deposition was found to have a reasonable quality which, with

further optimisation, may provide a high quality oxide for devices with low

thermal budgets.

Concluding remarks regarding material research

As with the development of low defect density germanium for the point con-

tact, fundamental work on improving the quality of materials can lead to ad-

vances that only become apparent further down the research path. Whilst of-
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ten laborious, continued study and improvement of the materials properties

of systems proposed for quantum information applications remain necessary

for the future advancement of the field.

9.2 Electrically detected magnetic resonance

In this thesis, the detection of spin resonance by its effect on the photoconduc-

tivity of phosphorus doped silicon was studied. First, a number of experimen-

tal parameters were investigated to find the optimum measurement regime.

Ion-implanted nanoscale devices were fabricated that allowed the signal from

50 donors to be detected. A second generation of devices, incorporating ar-

senic implantation of the source and drain leads and ohmic contacts, was de-

veloped to confirm these results.

The effect of isotopic purification of the silicon substrate was investigated.

In these samples, the phosphorus resonances had much narrower linewidths

than in naturally abundant silicon, due to the reduction of the superhyperfine

interaction with surrounding spin 1/2 29Si nuclei.

Finally, a proof of principle demonstration of pulsed electrically detected

magnetic resonance on ion implanted samples was presented. These measure-

ments demonstrate a path towards pulsed-EDMR measurment on few, or even

a single, donor spins in the solid state.

However, to achieve such measurements, a number of improvements need

to be made. Firstly, the signal to noise ratio of the measurements needs to be

improved to allow the measurements to be undertaken on experimentally ac-

cessible timescales. The easiest way to achieve these improvements involve the

reduction of shunt current present in the devices due to the diffusion of pho-
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toexcited carriers. This can be achieved by etching small structures into thin

silicon-on-insulator material. The etching will provide lateral confinement of

the current, whilst the thin (∼ 50nm) device layer of the SOI will restrict the

entire current to near the interface defects states necessary for the detection of

EDMR. Alternatively, new materials may be investigated. Silicon nanowires

are a good candidate, in that they provide a very small volume of silicon,

which should provide large EDMR signals due to the extremely high current

confinement.

However, alternate physical mechanisms may be more useful for the de-

tection of spin properties of donor states in silicon. One such mechanism uses

the difference in scattering cross sections between singlet and triplet pairs of

electrons. This mechanism, which has been demonstrated in silicon MOSFETs,

may provide a number of technological advantages, such as readout of the

spin state on microsecond timescales. Some initial work on such a scheme is

presented in Appendix A, as an example of the direction the work presented

in this thesis may take.

Concluding remarks regarding single donor spin detection

Whilst the detection of single spins in the solid state have been demonstrated,

the methods used have been time intensive, and as such are not able to be ex-

ploited for further research into the properties of the individual spins. Future

work focused on the improvement of these methods, as well as the develop-

ment of alternative methods, is required to provide access the unique physics

that single spin detection and manipulation allows.
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Appendix A

Development of a new EDMR
Scheme

In this chapter, a new device architecture for the manipulation and readout of the spin

state of donor electrons in a MOSFET channel is presented. By embedding the MOS-

FET in a radio frequency tank circuit, changes in the conductance of the device can be

monitored on a microsecond timescale. The fabrication process and initial testing of

the device is reported.

A.1 Background and Motivation

In 1992, Ghosh and Silsbee [148, 149] presented the result of electrically de-

tected magnetic resonance of donors in a MOSFET channel. They recognised

that the spin dependent scattering cross section of the bound donors as seen

by the conduction band electrons would allow the detection of ESR of the con-

duction donors, by monitoring the change in conductivity of the MOSFET due

to changing the polarisation of bound donors under ESR conditions. Experi-
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A.2. Sample Design and Fabrication

mental implementation was undertaken by placing a Si-MOSFET into a reso-

nant cavity, and then detecting the change in current during conventional ESR

manipulation. Recently, other groups [150] have begun work on scaling the

number of donors present by reducing the size of the MOSFET used, whilst

maintaining conventional ESR manipulation involving a resonant cavity.

However, a number of experimental difficulties remain with this technique.

One is the difficulty of decreasing the temperature of the MOSFET below ∼ 1K

due too the necessity of utilising the resonating cavity. Also, the time taken to

readout the conductivity of the MOSFET channel prevents the realtime readout

of the change in conductivity. this has implications if the realtime readout of

free induction decay, possibly involving microsecond timescales.

In this chapter, an architecture for the detection of EDMR by spin depen-

dent scattering in a 2DEG is presented. The aim of this device is to provide

a fast readout mechanism for the detection of singlet-triplet scattering differ-

ences in two dimensional electron gas, which is operable at millikelvin tem-

peratures.

A.2 Sample Design and Fabrication

The device is shown schematically in figure A.1. It is an accumulation mode

MOSFET fabricated on a nSi <100> wafer with [P] ∼ 1016cm−2. Source drain

contacts were fabricated via P diffusion (see figure A.1b), with aluminium con-

tact (d= 200nm). A planar microstrip resonator is utilised as the gate. This

allows the application of both DC and microwave biases, which is required

to induce charge carriers in the MOSFET channel (DC bias), and to induce B-

fields in the channel (microwaves). This is discussed in more detail later. The

163



A.3. Measurement Setup and Details

Figure A.1: a) and b) optical micrograph and c) and d) SEM of the devices used in this

chapter.

inner of the microstrip is 500nm wide, with 1μm ground planes. The separa-

tion between the inner and outer is 300nm. The microstrip was fabricated via

EBL. Following evaporation of the Al gates, the device was annealed in form-

ing gas at 400◦C for 15 minutes to reduce the effect of interface defects on the

device conductivity.

A.3 Measurement Setup and Details

Measurements at microsecond timescales are difficult in dilution refrigerators

due to the capacitance of the relatively long wires required, which lead to a
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A.3. Measurement Setup and Details

large RC time constant with any reasonable device resistance[80]. Schoelkopf

et al [151] proposed a solution (in their case for the single electron transistor)

which involved embedding the transistor in a radio frequency network. It is

this technique that is utilised to allow fast readout of the MOSFET.

To allow measurement in a dilution refrigerator, the device was mounted

on a patterned PCB, and the measurement circuit built of microcomponents,

which is shown in figure A.2a. Figure A.2b shows the entire measurement

circuit schematically . The resonant circuit, which allows fast readout, con-

sists of the 330nH inductor, the parasitic capacitance of the MOSFET and the

resistance of the MOSFET channel. The measurement circuit also allows si-

multaneous RF and DC measurement of the channel resistance by application

of a source and drain lead to the MOSFET, through two on-board low-pass fil-

ter. Each filter consists of a 1kΩ resistor and a 470nH inductor in series. The

RF part of the circuit is isolated from the DC part by the addition of two 100pF

capacitors on each side of the device, which act as high pass filters for the RF

source and ground.

To obtain the maximum B field, the resonator which acts as the gate needs

to be terminated near the MOSFET. However, the gate also requires that a DC

voltage be applied to induce a 2DEG in the MOSFET. To allow this, the inner of

the resonator is connected to ground (and thus the ground planes) via a 56pF

capacitor, which allows the microwave component to pass freely to ground

whilst also allowing the gate to be set to a DC bias. The DC and microwave

components are applied to the gate line via through a room temperature bias

tee.
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A.3. Measurement Setup and Details

Figure A.2: a) Circuit diagram of measurement setup and b) photograph of the RF

board, microcomponents and chip

166



A.4. Measurement of the Device

Figure A.3: Isd vs Vgate for the device measured at 4K with Vsd = 100μV.

A.4 Measurement of the Device

A.4.1 Simple MOSFET operation

Figure A.3 shows the resistance of the device as a function of the DC gate

voltage. Clear MOSFET behaviour is observed. The sheet resistance is less

than 1.361kΩ/�. The resistance is still in the ionised impurity scattering limit,

indicating that the sheet resistivity can become even smaller. However, the

gate voltage was limited to 1V to avoid current tunneling through the oxide,

which may add noise to the channel current.

The repeatability is demonstrated by sweeping the gate voltage in both the

positive and negative direction. These results show an average deviation of the

current of 0.22%, with a maximum of 0.46%. This high level of reproducibil-

ity is necessary for measurements where small changes in the current are ob-

served.
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A.4. Measurement of the Device

Figure A.4: S11 of the LCR tank circuit as a function of frequency, for Vgate = 0V (no

MOSFET channel) and Vgate = 0.5V (MOSFET channel present).

A.4.2 Operation in an RF tank circuit

Next, the resonance of the tank circuit was investigated. Figure A.4 shows the

reflected power from the circuit as a function of frequency for two gate volt-

ages. First, the reflectivity for Vgate = 0V is discussed. In this trace, a small

resonance is seen at f = 346.2MHz. There is also a small non-linear back-

ground, due to the resonances formed by the lines running down the fridge.

However, in the trace for Vgate = 0.5V, there is a large resonance with a depth

of at least 29.3dB. However, this resonance is at a slightly different frequency

than the resonance at Vgate = 0V, specifically f = 341MHz. This frequency

shift was investigated by measuring the resonance as a function of the gate

voltage, and is discussed below.
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A.4. Measurement of the Device

Figure A.5: Reflectance of the LCR circuit (S11) as a function of both frequency and

gate voltage, and DC current as a function of gate voltage. Applied microwave power

Prf = −75dBm

A.4.3 Simultaneous RF and DC readout

The resonance and conductance of the device as a function of the gate voltage

is shown in figure A.5. A number of features are obvious. Both the resonance

frequency and the magnitude of the resonance are both highly gate voltage

dependent after the turn on of the device. The position of the resonance, de-

termined by finding the minimum of each frequency trace for each fixed gate

voltage, is plotted in figure A.6.
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A.4. Measurement of the Device

Figure A.6: Resonance frequency of the tank circuit as a function of the MOSFET gate

voltage.

The resonance condition of the circuit is satisfied when

f =
1

2π

√
1

LC
(A.1)

Since the inductance of the circuit is fixed, the change in resonance must be

due to the change in capacitance as the MOSFET channel is formed.

The change in capacitance determined from the change in frequencyΔC =

21.6aF. Using a simple capacitance model for the MOSFET, its capacitance is

determined to be 24 aF when d=7nm, where 5nm is for the oxide, and an ad-

ditional 2nm for the separation between the interface and the electron wave-

function [152]. This is extremely good agreement, and indicates that the system

behaves in a well understood fashion.

Next, the reflectivity of the circuit as is investigated. The matching point

for the circuit, where the reflectivity is minimised, should be achieved when
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A.4. Measurement of the Device

Figure A.7: Reflectivity of the tank circuit vs frequency for two different gate voltages.

the impedance of the circuit

ZLCR =
L

RC
= 50Ω (A.2)

By substituting the values of L and C determined above, the resistance of

the MOSFET at matching should equal 11.5kΩ. Figure A.7 shows the mini-

mum value of S11 as a function of gate voltage. The minimum reflectivity is

found to occur at Vgate = 0.48V. At this voltage, the resistance of the MOS-

FET as determined by the DC current measurements is 353kΩ, far from the

expected value.

This is an unexpected outcome, which needs to be explained. One possible

explanation is that the device conductivity is different for measurements at DC

and RF frequencies. Indeed, there is experimental evidence that the conductiv-

ity of bulk silicon decreases with increasing frequency, with σ ∼ Aωs, where

s ∼ 0.8 and A some constant [153]. This is due to hopping through donor

states. Since the conductivity in this case is in a two dimensional channel (or
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A.4. Measurement of the Device

Figure A.8: DC IV measurements taken whilst 10GHz microwaves are applied to the

gate, with varying power. T = 4K.

near the interface when no gate voltage is applied due to band bending), it is

possible that s is less than the 0.8 quoted in ref [153]. However, more work is

required to understand the discrepancy.

A.4.4 Operation with applied microwaves

Following the characterisation of the measurement circuit, the effect of the ap-

plication of microwave power to the device was investigated. Figure A.8shows

the IV characteristics as a function of the power for f = 10GHz microwaves

applied to the gate.

A number of features are notable. Firstly, the threshold voltage of the de-

vice decreases as the power is increased. Next, the high gate voltage conduc-

tivity decreases with increasing microwave power.

To investigate these effects in more detail, the threshold voltage shift, ΔVth,
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A.5. First attempt at ESR

Figure A.9: Change in threshold voltage, ΔVth, vs microwave Power.

as a function of the microwave power was determined, and is shown in figure

A.9. The threshold shift is found to increase exponentially with microwave

power. This may be due to rectification of the microwave voltage on the gate

by the nonlinear IV characteristics of the device. An additional voltage equiv-

alent to the microwave voltage on the gate would serve to reduce the DC

threshold voltage. However, this would be impacted by the grounding of the

resonator. Detailed modelling of the device beyond the scope of this thesis

is required for detailed understanding of its microwave properties. However,

the observation that microwaves effect the transport properties of the 2DEG

indicate that the microwaves reach the gate, and should allow ESR to be un-

dertaken.

A.5 First attempt at ESR

Figure A.10 shows an attempt at EDMR on the device shown above. The ex-

ternal magnetic field was swept through 10mT about the expected resonance
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A.6. Conclusions

Figure A.10: First attempt at ESR in the MOSFET device. Microwaves with a fre-

quency of 10GHz and power of -10dBm were applied during the measurement.

position of the P donors. Microwaves ( f = 10GHz, −103dBm) were applied

throughout the sweep.

No resonance is visible. This is probably due to the high level of noise in

the measurement. The current noise is of order 1 part in 10−4. This compares

poorly with the signal observed by Silsbee and Ghosh, where they observe

ΔI/I ∼ 10−6. To observe such a signal would require the signal to noise ratio

to be improved by two orders of magnitude. It is possible that such an im-

provement may be possible by increasing the size of the MOSFET channel, to

remove any effects due to the narrowness of the device.

A.6 Conclusions

In this appendix, initial development and testing of a new device architec-

ture for EDMR has been presented. The device consists of a MOSFET with a

coplanar waveguide as a gate, embedded in an RF tank circuit. The measure-
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ment circuit allows readout of the device resistance at microsecond timescales,

and the coplanar waveguide allows local application of an oscillating magnetic

field, required for ESR.

Whilst EDMR has not been observed in this device, it does demonstrates

an implementation that would allow fast readout of a small number of donor

electron spins in silicon. The readout method should allow experiments that

are not possible with conventional EDMR as illumination of the sample is not

required.
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