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Abstract

Nanometer-scale engineering of shallow spins in diamond
by

Kenichi Ohno

A crystal growth technique enabling to control the depth of a single nitro-
gen-vacancy (NV) center at nanometer scale in diamond is developed. This
nitrogen delta-doping technique during the plasma-enhanced chemical vapor
deposition (PE-CVD) of diamond enables to create near-surface NV centers
whose depths ranging from about 100 nm down to less than 2 nm while pre-
serving their spin coherence times.

These shallowly doped, long-coherence NV centers are used as an atomic-
scale magnetic sensor that enables to detect nuclear spin signal from an organic
sample of a nanometer-scale volume external to the diamond crystal. Exten-
sion of this nanometer-scale nuclear magnetic resonance (nanoNMR) to two-
dimensional nanometer-scale magnetic resonance imaging (2D nanoMRI) is
also presented.

The nitrogen delta-doping technique is combined with shallow '>C ion
implantation through lithographically-patterned apertures to demonstrate three-
dimensional (3D) localization of single NV centers at nanometer scale. The
demonstrated long spin coherence times of 3D-localized NV centers pave a way
towards quantum applications by maximizing their interactions to the diamond-

based nanostructures.
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Chapter 1

Introduction

The development of the semiconductor process technologies over the last
five decades has enabled the materials engineering and the device fabrication at
an amazing level of precision. Driven by Moore’s law [1], the size of a transis-
tor gate in the modern very-large-scale integration (VLSI) circuits is today less
than 20 nm [2]. Sophisticated thin-film deposition techniques have reached the
ability to control the synthetic film thickness with atomic level precision [3].
The advancement of the semiconductor technology continues to provide inter-
esting problems for the science community.

Quantum physics in the solid state is driven by the ability to control mate-
rials systems using the semiconductor technology, dating back to the discovery
of the tunneling effect [4]. This led to the emergence of quantum structures and

continues to push the boundaries by exploring the properties of single quanta



such as single electrons, photons and spins.

Moreover, given the continued miniaturization of semiconductor devices
now entering the atomic scale, the question becomes: Can we control, image,
and manipulate individual atoms using the semiconductor technology?

To better engineer defects and impurities in semiconductor devices, sci-
entists are now challenged with controlling the position of individual atoms.
Furthermore, if the size of a transistor gate becomes comparable to that of
molecules, the disconnect between the semiconductor technology and the chem-
ical or biological researches might be bridged. This may lead to interesting col-
laborative ideas, for example, visualizing the atomic behavior within molecules
and manipulating atoms to control the chemical synthesis by the future genera-
tions of semiconductor devices.

The nitrogen-vacancy (NV) center, which is a point defect in diamond
crystal consisting of a substitutional nitrogen with an adjacent vacancy, is an
ideal system to test such concepts as it is a defect complex which acts like a
virtual atomic system trapped in the solid state. Moreover, the quantum control
of a single spin associated with the NV center can be used to detect and im-
age atomic-scale objects. Most importantly, the quantum properties of the NV
center can be controlled by materials engineering and nanometer-scale device

fabrication.



The goal of this dissertation is to develop materials engineering techniques
that precisely control the position of the NV center in the diamond crystal and
furthermore, to explore applications of such engineered atoms in the solid state
for quantum information processing as well as the atomic-scale sensing and

imaging techniques.



Chapter 2

The nitrogen-vacancy (NV) center

2.1 The nitrogen-vacancy (NV) center

The nitrogen-vacancy (NV) center is a point defect in the diamond crystal,
consisting of a substitutional nitrogen and an adjacent vacancy [5, 6], which has
the C3, point group symmetry with its symmetry axis along the (111) crystal
orientation (Fig. 2.1).

The NV center shows optical emission with the zero phonon line (ZPL)
at 637 nm (1.945 eV) [5] corresponding to a 34, (ground state) — 3E (excited
state) optical transition [7]. In addition, the vibronic sideband emission from
around 650 to 800 nm is also observed in the photoluminescence (PL) spectra
at room temperature as shown in Fig. 2.2. The NV center’s strong optical
transition allows for the PL detection from a single NV center [8, 9].

The NV center’s A, ground state has a spin triplet (S = 1) [11, 12].



Figure 2.1: Schematic of the nitrogen-vacancy (NV) center in the diamond lattice. Two carbon
atoms adjacent to each other are replaced by a nitrogen atom and a vacancy, forming an NV

center.
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Figure 2.2: Typical photoluminescence spectrum of the NV center at room temperature by
using a 532 nm green laser excitation. The zero phonon line (ZPL) at 637 nm and a broad
vibronic sideband emission between 650 to 800 nm are observed. Data courtesy of B.B. Buckley

and F. J. Heremans. Ref. [10]



The degeneracy between the my = 41 states and the m; = O state is lifted up
by the crystal field splitting D/27 = 2.88 GHz due to the spin-spin interaction
[7]. Each of the mg; = +1 spin sublevels is further split by the Zeeman splitting
and by the hyperfine coupling to the host nitrogen nuclear spin, which can be

expressed by the following ground state Hamiltonian,
H = DS? + gupBS, +AS -1 2.1)

where up = 9.27 x 1072* J/T is the Bohr magneton, g = 2.00 is the electron
g-factor, S is the NV center spin, S; is its z component, B is the external field,
A is the hyperfine splitting constant and I is the nuclear spin. A schematic of
the ground state energy level as a function of the external magnetic field applied
along the NV center symmetry axis is shown in Fig. 2.3.

The 3E excited state of the NV center is also a spin triplet. The 34, —
3E optical transition is a spin-conserving, radiative transition with the excited
state lifetime of ~ 10 ns [13]. In addition, the spin singlet 1A| and 'E states
lying below the 3E states create an alternative relaxation path through the inter-
system crossing, which makes the NV center a unique spin system (Fig. 2.4).
The energy relaxation from the 3E state to the 'A; state occurs with a much
higher probability when the excited state spins are in the my = +1 states [14].
Furthermore, the non-radiative energy relaxation from the 'A; state ends pref-

erentially into the my; = 0 ground state [15, 16], ultimately causing the spin flip
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Figure 2.3: Schematic of the ground state energy levels of the NV center as a function of
the external magnetic field applied parallel to the NV center symmetry axis. The degeneracy
between the my; = +£1 states and the m; = O state at the zero magnetic field is lifted up by the
crystal field splitting D/27 = 2.88 GHz. The m; = +1 states are split by the Zeeman splitting
when the external magnetic field is applied. Each of the m; = £1 state is further split by the
hyperfine splitting. The circles on the right display “close-up” to show the hyperfine splitting

due to the host "*N nuclear spin (I = 1).

from my; = £1 to my = 0 during the energy relaxation. This spin-selective relax-
ation through the intersystem crossing results in two important features for the
NV center spin measurement. First, it allows for the laser-induced spin initial-
ization to the mg; = O state. Even though the initial spin population is in a thermal
equilibrium between the my = 0 and +£1 states, spins in the m; = £1 states are
“optically pumped” into the my = 0 state through the intersystem crossing dur-
ing several microseconds of laser illumination, while spins in the m; = 0 state

keep undergoing the spin-conserving optical cycle, resulting in the spin align-
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Figure 2.4: Energy diagram showing the spin selective optical transition of the NV center.
Spin sublevels of the 3A, ground state and the 3E excited state are shown. The 'A; and 'E
singlet states lying between the 3A, and 3E triplet states create an alternative relaxation path
through the intersystem crossing. The straight arrows indicate radiative and spin conserving
transition, whereas wavy arrows indicate the nonradiative process. The 3E — A transition is
spin selective, occurring with a higher probability when the 3E excited state spins are in the
ms = +1 states. Energy relaxation through the intersystem crossing occurs preferentially into

the m; = 0 ground state.

ment to the my; = 0 state. Moreover, because of the spin-selective nonradiative
decay, PL from the my; = 41 states is about 30 % lower than the m; = O state,
allowing for a simple way to read out spin by measuring the PL intensity.

In addition to the optical spin initialization and read out, an electron spin
resonance (ESR) technique allows for spin manipulation via applying microwave
(2 — 3 GHz) resonant to the energy splitting between the spin sublevels. An op-
tically detected magnetic resonance (ODMR) technique that combines the ESR

spin manipulation and the optical spin read out was first demonstrated on an



ensemble of NV centers at low temperature [17, 18, 19], followed by on a sin-
gle NV center at room temperature [8]. Furthermore, coherent manipulation of
a single electron spin was demonstrated with a single NV center at room tem-
perature [20], which triggered broad interests in this system for the spin-based

quantum science and technology.

2.2 Spin coherence of the NV center

Among many solid state spin systems, the NV center stands out because
of its exceptionally long electronic spin coherence time 7> at room temperature,
reaching up to the order of milliseconds. A long spin coherence time is one
of the critical requirements not only for the quantum information processing
enabling a large number of quantum operations and long-lived qubit storage,
but also for weak field detection in the nanometer-scale metrology techniques.
Improvement of the materials quality to reduce the source of spin noise is there-
fore an important challenge in order to extend the spin coherence time. In this
section, the efforts to improve NV center’s 7, times are overviewed, in order to
emphasize the importance of controlling the materials quality.

The Type Ib diamonds containing a high nitrogen impurity concentration

3

larger than ~ 10'® cm™> are one of the common materials for the NV center

research, which is irradiated by high energy (~ 2 MeV) electron beam to create



vacancies and subsequently annealed (above 650 °C, typically ~800 °C, for a
few hours) to diffuse them to form NV centers [5]. One of the early reports mea-
sured 75 ~ 80 us at T = 1.5 K in such a material [18]. In these days, 7, times
of NV centers in the Type Ib diamonds range from 0.4 to 7 s at room temper-
ature [21, 22], which is limited by a large number of the paramagnetic impu-
rities caused by the nitrogen electron spins (P1 centers). Since 73 is inversely
proportional to the nitrogen concentration [23], reducing nitrogen impurities in
diamond is an important approach to improve the NV spin coherence. A 7, time
of ~ 60 s at room temperature was measured in a chemical vapor deposition
(CVD) — grown diamond of a nitrogen concentration of 6 X 106 cm—3 [24].
Reducing nitrogen impurities further down to 10" cm™3 resulted in 7> ~ 600
us together with careful magnetic field alignment along the symmetry axis of
the NV center [25].

At such a low nitrogen impurity concentration, the '3C nuclear spin bath
is a dominant source of the NV spin decoherence. Although the most naturally
abundant (98.9 %) carbon isotope 12(C has no nuclear spin, the 1.1 % abundant
13C isotope has a nuclear spin I = 1/2, which causes spin fluctuation adversely
affecting the NV center spin coherence. The 7, time of NV centers was pre-
dicted to be inversely proportional to the 13C concentration [27], which was ex-

perimentally confirmed [28]. By reducing the '3C concentration down to 0.3 %

10



Echo amplitude (a.u.)

2t (ms)

Figure 2.5: Hahn echo decay curve of an NV center in an isotopically purified '>C diamond

showing an exceptionally long 75 ~ 1.8 ms at room temperature. Data adapted from Ref. [26].

using an isotopically purified '>CHy source gas during CVD of diamond, along
with careful control of nitrogen impurities being less than 10'3 cm~3, an unusu-
ally long 7> of 1.8 ms at room temperature was demonstrated (Fig. 2.5) [26],
which gained considerable attention. Although such a long 7, was measured
in a one-of-a-kind ultrapure material, the development and application of the
dynamical decoupling techniques enabled extension of 75 in less pure materials
up to several hundreds of microseconds [29, 30, 31]. Using a pure diamond and
creating NV centers by a nitrogen implantation technique [32, 33, 34] is a com-
mon way to prepare samples in these days, although 7, variation due to crystal

damage and other issues are important challenges regarding this method, which

is discussed in detail in Chapter 4.
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The long T; of the NV center should be compared to other solid state spin
systems. For example, 75* of III-V semiconductor quantum dots is on the order
of 10 ns at 7 = 100 mK [35]. Although electron spins bound to the phospho-
rous donor in isotopically purified 28Si display unusually long 7; ~ 1 hour at T
=125K[36]and 7> = 14 ms at T =7 K [37], these spin coherence times drop
sharply with temperature due to the Orbach process, resulting in 77 ~ T ~ 1
us at T =20 K [37]. In addition, electron spins associated with basal and c-axis
divacancies in 4H-SiC display 75 ~ 180 us at 7 =20 K and 75 ~ 260 us at T’
= 200 K, respectively [38]. Although 4H-SiC displays persisted electron spin
coherence at room temperature in a certain type of defects (unidentified), the 75
is decreased to ~ 40 us. By comparing to other solid state electron spin sys-
tems, a long, room temperature 7> should be emphasized for considering unique

applications of the NV center.

2.3 Applications of the NV center

2.3.1 Sensitive nanometer-scale magnetometry applications

One of the most emerging applications of the NV center is an ultrasensitive
magnetic field detection in combination with the nanometer-scale spatial reso-
lution. The field sensitivity of the NV center-based magnetometry technique

can be enhanced by the quantum coherent manipulation of the probe NV spin.
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The minimum detectable field B,,;, of the NV center, which is limited by its

spin coherence and the optical spin read out is given by [39]

h
gHB\/1T

where 7 is the reduced Planck’s constant, ¢ is the total measurement time, and T

2.2)

Bmin ~

is the relevant spin coherence time of the NV center depending on the detection
scheme. 7 = T>* (~ 1 us) is the relevant time scale for the DC magnetometry
scheme, which can be extended to 7 = 7> (~ 0.1 — 2 ms) using the spin echo
technique for the AC magnetometry [40], resulting in a sensitivity on the order
of a few nT/v/Hz corresponding to the capability of detecting a single electron
spin and even a single 'H nuclear (proton) spin at a distance of 10 nm. More-
over, the field sensitivity can be further improved by the advanced multi-pulse
echo sequences, at the cost of detection bandwidth. Although the AC mag-
netometry scheme requires to control the target magnetic source oscillating in
synchronous to the spin echo pulses, it is not a significant problem for a sin-
gle spin detection, as additional pulses can be used to control the target spin
in phase. A theoretical framework and a proof-of-concept measurement were
reported in 2008 [39, 40], inspiring many efforts to implement the NV center-
based magnetometry since then.

In addition to the excellent sensitivity, the most important feature of the

NV center-based magnetometry is that the probe spin can be localized within
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Figure 2.6: Scanning electron microscopy (SEM) image of an diamond-based AFM tip. A
single NV center is embedded at the end of the AFM tip in the dotted square. Data adapted
from Ref. [41].

a volume of about 10 nm due to the inherent atomic-scale nature of the defect.
Moreover, the probe spin can be placed in the direct proximity of the magnetic
source within a distance of about 10 nm, enabling nanometer-scale spatial reso-
lution, which can be realized by placing a single NV center near the surface of
a bulk diamond, or in a diamond nanocrystal of 10 — 20 nm size. Furthermore,
nanometer-scale magnetic imaging using the scanning probe technique was pro-
posed by placing a single NV center at the end of a diamond-based atomic force
microscopy (AFM) tip, or by attaching a nanodiamond to a (conventional) AFM
tip or tapered optical fiber [41, 42, 43]. An NV-center embedded diamond AFM
tip (Fig. 2.6) was utilized to detect and image a single electron spin of a separate

target NV center [44]. In addition, a magnetized AFM tip was used to induce
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a local magnetic field gradient that allows for imaging and coherent control of
a single NV center spin [45] and a single dark spin [46] in an ensemble spin
environment.

An outstanding question to realize such nanometer-scale magnetic sens-
ing and imaging schemes is if the NV center’s optical and spin properties are
preserved within nanometers from the diamond surface. The electronic prop-
erties near the surface of the materials are different from the bulk, which can
affect the magnetometry performance of the NV center placed in the nanome-
ter proximity of the surface. Controlling positions, in particular depth, of the
NV centers at the nanometer-scale accuracy while preserving their optical and
spin properties is indeed one of the important questions that is addressed by
this dissertation, which is a critical requirement for realizing NV center-based
nano-magnetometry.

Finally, an additional advantage of the NV center-based magnetometry is
that it can be operated under ambient conditions. This advantage is particu-
larly important for the magnetometry in biological samples such as cells, or
molecular structure imaging since most of biological and chemical researches
are conducted under ambient conditions. The chemical stability and biological
compatibility of diamond are also beneficial for these applications.

The NV center-based magnetometry is strongly motivated by an ultimate

15



goal of detecting and imaging a single electron and proton spin in the organic
and biological samples. The material science and nanotechnology to engineer
NV centers in the diamond crystal are critical requirement for enabling these

fascinating applications.

2.3.2 NV center-based metrology

The NV center-based metrology is not limited to magnetometry. A wide
variety of metrology schemes are actively investigated taking advantages of NV
center’s long spin coherence, room temperature operation, and coherent spin
control.

A single NV center in the bulk diamond was used for sensing electric field
via energy shifts of the ground state spin sublevels due to the Stark effect [47].
By applying an oscillating electric field, the AC field sensitivity reached ~ 200
V/emy/Hz, equivalent to a field induced by a single electron charge at a ~ 150
nm distance.

Thermometry is one of the emerging applications of the NV center-based
metrology, which was stimulated by a temperature-dependent measurement of
the optical read out of the NV center spin [49]. This work demonstrated that the
spin-dependent PL contrast was measurable up to more than 600 K, also show-

ing that the temperature-dependent zero-field splitting D(T') [50] can be used for
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Figure 2.7: Scanning confocal microscopy image of a living cell. Nanodiamonds containing a
single NV center are injected into the cell for a local temperature sensing. Data adapted from

Ref. [48].

temperature measurements over a wide range of temperature. The thermal sen-
sitivity was calculated to be ~ 100 mK+/Hz using DC measurement schemes,
which can be improved by an order of magnitude by applying a coherent spin
control to suppress magnetic noise [51]. Combining this thermometry scheme
with bio-compatible nanodiamonds [52] enabled local temperature sensing in-
side a living cell (Fig. 2.7) [48], which offered a combination of good thermal
sensitivity and the nanometer-scale spatial resolution, a unique feature arising

by using the NV center.

2.3.3 Quantum applications of the NV center

Coherent coupling between qubits is an essential building block for real-

ization of quantum computing, long-distance quantum communication as well
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as quantum-enhanced metrology. The electronic spin of the NV center is an
excellent candidate for the coupled qubits because of its long spin coherence,
optical accessibility and room temperature operation. Moreover, due to its solid
state nature, NV centers are advantageous for realizing a scalable quantum sys-
tem. In this section, various types of coherent coupling between the NV center
and other qubits are overviewed.

Coherent coupling between a single NV center spin and other electron
spin(s) can be found in literature, such as coupling with a nitrogen spin bath
[21], a single nitrogen spin [53], and another single NV center spin [54, 55].
Among these demonstrations, the NV-NV coupling was of particular impor-
tance as both qubits are optically addressable. As nitrogen spin is a major
source of NV spin decoherence, localization of a pair of nitrogen atoms in the
pure material together with a high yield of the nitrogen to NV center conversion
are essential for the further upscaling of the NV-NV coupling.

A quantum register, consisting of a long-lived qubit for information stor-
age and a processing qubit for write in and read out, is an essential component
for long-distance quantum communication and distributed quantum computa-
tion. An NV center spin coupled to one or multiple nuclear spin(s) is an excel-
lent system for the quantum register because nuclear spins are highly isolated

from the environment and hence the memory time can be on the order of mil-
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Figure 2.8: Schematic of a quantum register using coherent coupling between an electronic
spin of an NV center (red arrow) and a nuclear spin of its host nitrogen (blue arrow). Original

figure presented in Ref. [56].

liseconds and up to seconds, much longer than the coherence time of electron
spins. Demonstrations of the NV-nuclear spin coupling includes coupling with
the host '*N nuclear spin (Fig. 2.8) [56], individual proximal '3C nuclear spins
[57, 58], two 13C nuclear spins [59] and a single 13C nuclear spin [60]. In the
last example, an NV center in an isotopically '?C -enriched (99.99 %) diamond
sample was used in order to mitigate the decoherence due to '*C nuclear spin
bath while one of the '*C spin at a distance of ~ 2 nm was weakly coupled
to the NV center. High-fidelity, single-shot readout of a single [61] and up to
three nuclear spin(s) [62] in the NV center-based quantum registers were also
demonstrated.

Coupling solid state qubits to photons is of particular importance for quan-

tum repeater, necessary for long-distance quantum communication. Although
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Figure 2.9: Conceptual figure of the phonon-mediated spin coupling in a mechanical resonator.

Original figure presented in Ref. [66].

photon is an ideal qubit for transmitting quantum information in a long dis-
tance because of its very weak coupling to the environment, quantum repeaters
are still necessary to extend the communication distance by refining and am-
plifing information caused by the optical loss. The NV center is a promising
element of the quantum repeater because of its strong optical emission, and the
demonstrated spin-light entanglement [63, 64]. Furthermore, two NV centers
at a 3-meter distance were coherently coupled through photons [65], displaying
potential of the NV center as a building block for long-distance quantum com-
munication. Diamond device engineering at a micrometer scale (such as solid
immersion lens) and further at a nanometer scale (such as photonic crystals)
is an important part of the photon-mediated entanglement schemes in order to
increase the photon collection efficiency for measuring faint signals.

Finally, spin-phonon coupling is an emerging research field that enables

coherent spin interactions among multiple NV centers over a long range on

20



the micrometer scale. The NV center spin coupled to the motion of a magne-
tized mechanical resonator was used to coherently detect small Brownian mo-
tion [67] and projected to sense a quantized motion (a single phonon) [68].
Strain-mediated coupling between an NV center and a diamond monolithic me-
chanical resonator was demonstrated [69]. Reducing the size of mechanical
resonators down to the nanometer scale would enable strong coupling between
spins and phonons (Fig. 2.9) [66, 68, 70], allowing for the phonon-mediated
spin coupling over a long distance beyond the direct magnetic dipole coupling
limited to tens of nanometers. Such nanomechanical coupling requires precise
NV center position control in order to maximize the strain effect on the NV
center.

Coherent coupling of an NV center spin to other electronic and nuclear
spins, as well as photons and phonons are very important for realizing quantum
applications as well as for the fundamental test of quantum physics concepts.
To meet conflicting requirements of localizing spins while isolating them from
a noisy spin environment is an outstanding challenge for coherent coupling of
multiple spins, which necessitates fine material tuning for specific measure-
ments. Moreover, strong coupling of NV center spins with photons and phonons
requires diamond-based nanostructure engineering. In a reverse manner, devel-

opment of new materials and nanometer-scale device technologies should drive
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new researches on the NV center-based quantum science and its applications.
Therefore, the materials science and engineering play important roles for the

NV center spin-based quantum science and applications.

2.4 Conclusion and Organization

The optical and spin properties of the NV center are reviewed. Important
features of the NV centers include long spin coherence at room temperature,
optical initialization and read out of the spin, single spin addressability and in-
herent atomic scale. The solid state nature of the NV center is greatly exploited
as it is compatible to the nanometer-scale engineering. These advantages of
the NV center open up a wide variety of applications ranging from nanometer-
scale magneto-, electro- and thermometry techniques to quantum computing
and quantum communications. For whatever applications, precise control of the
material quality and nanometer-scale engineering of the NV centers in diamond
are the most important challenges for exploring further potentials of the NV
center, which is the main focus of this dissertation. Synthesis of a high-quality
diamond film is discussed in the next chapter, followed by presenting a tech-
nique that enables nanometer-scale depth control of NV centers in Chapter 4.
This technique is extended to the three-dimensional position control of a single

NV center as discussed in Chapter 6. Applications of such highly engineered

22



NV centers for proton spin sensing in organic materials is presented in Chap-
ter 5 as well as other results including proton spin imaging and nanostructure

engineering are discussed in Chapter 7.
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Chapter 3

Crystal growth of high-purity

diamond

3.1 Thermodynamics of diamond synthesis

Diamond is one of the allotropes of carbon consisting of sp> bonding, dis-
playing excellent material properties such as extreme hardness, thermal conduc-
tivity, chemical stability, and optical transparency over a wide range of wave-
length (from deep ultraviolet to infrared). Such properties of diamond are ex-
ploited for many applications including industrial cutting tools, polishing pow-
ders and optical windows for lasers. Carbon atoms in a diamond forms a dia-
mond crystal structure with a lattice constant of 3.57 A (with the carbon-carbon
bond length of 1.54 A) showing a bandgap of 5.5 eV, wider than other widegap

materials such as GaN (3.4 eV) or 4H-SiC (3.3 eV). Due to emerging interests in
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wide bandgap semiconductor materials for the last two decades [71], electronic
properties of diamond have gained significant interests as diamond may have
potentials comparable or even superior to other wide bandgap materials [72].
For example, diamond displays high breakdown electric field of ~ 10 MV/cm
because of its wide bandgap, and it also shows a high carrier mobility of 4500
and 3800 cm?/Vs for electrons and holes, respectively [73]. These properties
along with the extreme thermal conductivity hold a promise of the material for
power electronics applications. The promising potentials of the diamond as a
semiconductor material draw significant interests for the artificial synthesis of
diamond.

However, an outstanding challenge of diamond synthesis arises from graph-
ite, another stable allotrope of carbon consisting of sp? bonding, being a ther-
modynamically more stable phase than diamond at the ordinary pressure and
temperature. Figure 3.1 shows an energy diagram of graphite and diamond, ex-
hibiting that graphite has lower enthalpy than diamond (C(diamond) = C(graph-
ite) + 1.9 kJ/mol) [74]. The activation energy between graphite and diamond
is very high (~ 700 kJ/mol) preventing diamond from dissolving into graphite,
and hence diamond is a kinetically stable (metastable) phase.

One way to make a diamond phase dominant during synthesis is to use

conditions significantly different from the ordinary pressure and temperature.
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Figure 3.1: Energy diagram of graphite and diamond. Enthalpy difference and activation en-

ergy between the two phases are shown (not to scale).

Figure 3.2 shows a phase diagram of carbon [75, 76], suggesting that the di-
amond phase is most stable at high pressure and high temperature. A high
pressure high temperature (HPHT) method is a common way to synthesize arti-
ficial diamond. The HPHT method uses synthetic conditions of a pressure ~ 5
GPa and a temperature above 1300 °C by placing a seed diamond crystal in a
high pressure anvil with carbon source [77]. Some catalysts are added in order
to mitigate pressure and temperature required for the growth.

Another approach to synthesize artificial diamond is to use a non-equilibri-
um condition via chemical vapor deposition (CVD) techniques. In particular,
a plasma-enhanced chemical vapor deposition (PE-CVD) technique emerges as
an established method to artificially synthesize diamond both in laboratories
and industrial levels [72], as it is capable of precise growth parameter control

while minimizing impurity incorporation during the growth. Both p-type [78]
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Figure 3.2: Phase diagram of carbon showing diamond, graphite and liquid phases [75, 76].
Pressure and temperature ranges used for diamond synthesis techniques are drawn in the dia-

gram.

and n-type [79] doping as well as a pn junction [80] and a layered structure
growth [81, 82] were established using the PE-CVD technique, widely opening
up semiconductor applications of diamond. In the PE-CVD of diamond, hydro-
gen atoms (radicals) originated from H, process gas are activated in the plasma
state, which selectively etch sp? bonding of carbon suppressing the graphite

phase formation while promoting diamond growth.

3.2 PE-CVD growth of diamond

Figure 3.3 shows a picture of a Seki Technotron AX6300 1.5 kW mi-
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Figure 3.3: Picture of the PE-CVD machine.

crowave PE-CVD system used for the diamond growth. On the left of the
picture is a control tower and the growth systems are towards the right. The
growth system is schematically shown in Fig. 3.4, namely, a mixture of CHy
source gas and Hj carrier gas is introduced into the growth chamber with their
gas flows controlled by a separate mass flow controller (MFC). This gas mixture
is hit by RF microwave (2.45 GHz) in the growth chamber, forming plasma as
seen as a purple ball in the inset of Fig. 3.4. A microwave generator is located
on top right of the system and a waveguide leads the microwave into the growth
chamber through a quartz window. Three tuners attached to the waveguide are
used to match impedances between the waveguide and the chamber. The stain-
less steel growth chamber itself is an electromagnetic cavity whose conditions

can be controlled by the height of a motorized sample stage. The design of a
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molybdenum (Mo) sample holder affects the plasma chemistry, which depends
on the plasma shape and its power density, and thus it is one of the key details
for optimizing growth conditions. A Mo disc of 50 mm in diameter and 5 mm
thick that has a sample pocket at the center of the top face is considered to be
an optimized design [83] as this design mitigates plasma damage to the sample
(see Appendix B). The Mo sample holder is placed on top of a graphite suscep-
tor, which can be heated up by an induction-coupled RF stage heater without
changing the plasma condition.

The process gases are pumped out using a dry pump (Adixen, ACP 28i),
which mitigates oil back flow contamination to the chamber compared to an oil
rotary pump. An Ar ballast gas is introduced into the last stage of the dry pump

in order to improve its capability of pumping light gases, particularly H,.

3.3 Substrates

All the diamond films presented in this dissertation are homoepitaxially
grown on diamond substrates. Two types of diamond substrates, Type Ib, HPHT
diamond substrates from Sumitomo Electric Industries, and electronic-grade,
CVD-grown diamond substrates from Element 6 are used. The nitrogen impu-
rity concentration of the Type Ib substrates is less than 100 ppm (~ 2 x 10

cm ) displaying yellow color, whereas the electronic grade substrates contains

29



H,+ CH, Microwave

<—nnp <&

H Il |J Tuner
Growth {}
chamber
Plasma
RF stage -
heater
Pump

Figure 3.4: Schematic of the PE-CVD system. (inset) View of the chamber through the optical

window during the growth. The plasma and the sample holder are seen.

nitrogen impurities less than 5 ppb (~ 9 x 10'* cm~3) showing colorless trans-
parency. Type Ib substrates are used to optimize the crystal growth conditions
while electronic-grade substrates are used for growth-incorporated NV center
studies in order to avoid high background luminescence of NV centers in the
substrate. All of the CVD films are grown on the (100) plane except growth
results on the (111) plane are presented in Section 3.7. The surface miscut an-
gle is < £1° (3°) for the Type Ib (electronic grade) substrates according to their
specifications. The size of the substrates is typically 3 x 3 x 0.5 mm for the Type
Ib and 2 x 2 x 0.5 mm for the electronic grade substrates.

Mechanical polishing marks are usually left on the surface of as-received

substrates, which impede flat surface of the grown films [83, 84]. In order to
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get rid of these polishing marks, all substrates are sent to Syntek for additional
mechanical polishing that improves surface roughness (RMS) from 1.6 nm to
0.2 nm, according to the Syntek’s specification.

After receiving substrates back from polishing, they are treated with a boil-
ing acid cleaning process (HNO3 : H>,SO4 = 30 mL : 20 mL, at 120 °C) in
order to get rid of a surface graphitic layer. As diamond is highly hydrophobic,
contaminating particles cannot be removed by sonication and hence substrate
surface is cleaned with a cotton swab in acetone and IPA. Since the number of
contaminating particles on the substrate surface increases with a time, it is im-
portant to clean a substrate in solvent right before mounting it into the growth
chamber. One of the edges of the backside of the substrates is scratched by a

diamond pen in order to identify the growth face.

3.4 Growth theory

Step-flow growth is a favorable growth mode for a high-quality PE-CVD
diamond film displaying an atomically flat surface. In this growth mode, carbon
adatoms that arrive at step terraces diffuse to the step edges, there incorporated
into the crystal leading to an advancement of the atomic steps (Fig. 3.5). In this
section, a general growth theory for the step-flow growth is introduced (Section

3.4.1) and a modified theory for the case of PE-CVD diamond is presented in
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Figure 3.5: Schematic of step-flow growth. A carbon adatom arriving on the step terrace is
shown as a cube in red. The adatoms diffuse on the step terrace and incorporated to the diamond
crystal at step edges, resulting in advancement of atomic steps. The movement of atomic steps

is described as arrows in white.

Section 3.4.2.

3.4.1 General theory for step-flow growth

In order for carbon adatoms to get incorporated at step edges in the step-
flow growth mode, the carbon adatom velocity has to be larger than the step

velocity. The step edge velocity can be written as [85],

Vstep = JL, (3.1

where j is the deposition rate in the units of monolayer per second and L is the

terrace length. The velocity of carbon adatoms can be written as,

L L D
t (L2)/D) L’ G-

Vadatom =
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where D is the diffusivity, ¢ is the time for a carbon adatom to diffuse to the step
edge and a simple form for a diffusion length (L ~ +/Dt) is used to derive this

equation. A condition required for the step-flow growth is

Vstep < Vadatoms (3.3)
leading to an equation,
L
— <1 3.4
5 (3.4)

This equation provides a general strategy for the step-flow growth: decreasing
the growth rate via reducing the flow of CH,4 precursor will decrease j, increas-
ing the substrate miscut angle will reduce L, and increasing growth temperature

T will increase D as D is proportional to the exponent of 7',

E
D :Doexp(—kB—“T), (3.5)

where Dy is a constant, £, is an activation energy for diffusion, and kg is the
Boltzmann’s constant.

On the other hand, when the left hand side of Equation (3.4) is greater than
unity, the velocity of carbon adatoms are smaller than the step edge velocity.
In such cases, carbon adatoms not reaching the step edges provide additional
growth sites on the step terraces, leading to the two-dimensional (2D) nucle-

ation.
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3.4.2 Growth strategy for PE-CVD diamond

Although the strategy for the step-flow growth is generally applicable, ad-
ditional considerations are necessary for PE-CVD of diamond where a hydrogen
etching effect plays an important role.

Okushi et al., investigated step-flow growth conditions for homoepitaxial
diamond in a low CHy concentration less than 2 % [84, 86], where CH4 concen-
tration is defined as a ratio of CHy gas flow to the total gas flow, [CH4]/([CH4] +
[H>]), which can be reduced to [CH4]/[H;] when [CHy4] < [H3]. They reported
that neither macro-bunching steps nor surface defects such as non-epitaxial
crystallites and phyramidal hillocks were observed when the CH4 concentration
is less than 0.15 %. Although the initial substrate has periodic surface mechan-
ical polishing patterns ~ 4 nm high, they observed atomic steps of single- or
double-atomic height running along (110) directions after the growth using an
extremely low CH4 concentration of 0.025 %. They assumed that these results
are due to a hydrogen (H) etching effect, since the hydrogen plasma is dominant
in such an extremely low CH4 concentration condition. They also pointed out
that an anisotropic H etching effect [87, 88] showing the lowest etching rate for
the (100) direction is the main cause that only substrates with low miscut angles
0,77 < 1.5° resulted in atomically flat surfaces [89, 90]. They concluded that

the balance between the H etching effect and the diamond deposition using an
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optimized CH4 concentration is a key for atomically flat surfaces.

3.5 Crystal growth of high-quality diamond film

3.5.1 Temperature dependence of hydrogen etching

An in-situ H etching treatment prior to the diamond growth prepares atomic
steps that provide favorable nucleation sites of carbon adatoms for the step-flow
growth [83, 84]. As the H etching effect is sensitive to temperature [88, 91]
and temperature calibration is necessary for each individual growth system, a
temperature dependence of the H etching effect is studied.

For a reliable measurement of growth temperature, the substrate tempera-
ture (7,) 1s used, which is a temperature reading measured by a thermocouple
located beneath the graphite susceptor. Temperature of the sample surface can
also be read by a pyrometer, which measures black body radiation of the sample
and the sample holder through an optical window of the growth chamber. How-
ever, since the pyrometer read is sensitive to the measurement position of the
sample holder and it shows inconsistent temperature reading likely due to vari-
ations in optical reflectivity of the holder and optical absorption of the source
gases, the pyrometer is not used as a measure of the growth temperature. All
the temperatures shown hereafter denote the substrate temperature measured by

the thermocouple.
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Figure 3.6: 5 um x 5 um AFM images of H-etched diamond surface at 330 (left), 500 (center),
and 650 °C (right).

Once the chamber pressure is stabilized at 25 Torr with a Hy flow of 500
sccm, H plasma is ignited using a microwave power of 750 W. These param-
eters are kept constant during an H etching process for an hour. The substrate
temperature (7,;) is controlled using an RF heater stage, except for the lowest
Ty ~ 330 °C as the power of microwave heats up to that temperature with-
out heating the stage. After the H etching process, the sample is cooled down
and taken out from the growth chamber to study surface morphology by atomic
force microscopy (AFM). The same sample is used in this cumulative H etching
studies, while 7§, is gradually increased from 330 °C up to 900 °C for each run.

Figure 3.6 shows three 5 um x 5 um AFM images of the sample surface
after the H etching process at 330 (left), 500 (center), and 650 °C (right). The
surface morphology after the lowest temperature is quite similar to the substrate

before the H etching treatment, suggesting that the H etching causes no effect at
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Figure 3.7: 1 um x 1 um AFM images of H-etched diamond surface at 700 (left) and 750 °C
(right).

such a low temperature. On the other hand, grain features are observed at 500
°C, which become bigger at 650 °C making the surface rougher, suggesting that
carbon atoms diffuse and migrate likely due to the hydrogen-assisted surface
diffusion mechanism [92]. The larger size of the grain at a higher temperature
suggests that the diffusion length of carbon adatoms increases as temperature is
increased.

Figure 3.7 shows 1 um x 1 um AFM images of the surface at higher
temperatures of 700 (left) and 750 °C (right). A drastic change of the surface
morphology occurs between these temperatures. The surface displays clear line
features at 750 °C whereas it is almost featureless at 700 °C. The line features
run along the (110) directions (the diagonal direction in the image), which is
consistent with the atomic step direction observed on the (100) diamond sur-

face [84], suggesting that the atomic steps are created by the H etching process
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Figure 3.8: 1 um x 1 um AFM images of H-etched diamond surface at 800 (left), 850 (center),
and 900 °C (right).

at a temperature higher than 750 °C.

Temperature is further increased up to 900 °C and Fig. 3.8 shows three
1 um x 1 um AFM surface images at 800 (left), 850 (center), and 900 °C
(right). The line features are most clearly observed at 800 and 850 °C, while
they are degraded and step features running in another direction perpendicular
to the dominant directions appear at 900 °C, leading to a conclusion that the
best temperature for preparing atomic steps using the H etching treatment is be-
tween 750 °C and 850 °C.

Next, a time dependence of the H etching effect is investigated. The tem-
perature is fixed at 800 °C and the H etching time is varied for 5, 15, 30 and
60 minutes. The AFM images over 1 um x 1 um area after each process are
shown in Fig. 3.9. Although the atomic step features are observed for the short-

est process time of 5 minutes, grain features also remain, which disappear after
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Figure 3.9: 1 um x 1 um AFM images of H-etched diamond surface for 5 (left top), 15 (right
top), 30 (left bottom) and 60 min (right bottom).

15 minutes and clear atomic step features are observed at 15 minutes or longer.
The atomic step features are somewhat degraded for 60 minutes, hence it is con-
cluded that a 15 minutes of the H etching treatment is an optimized condition

for preparing atomic steps.

3.5.2 Crystal growth of diamond with atomically flat surface

Figure 3.10(a) shows a 1 um x 1 um AFM image of the surface after an
H etching process with optimized conditions, using a temperature of 800 °C,

pressure of 25 Torr, Hy flow of 400 sccm, and microwave power of 750 W for

39



(a) H etch 15 min.

Figure 3.10: 1 um x 1 um AFM images of (a) H-etched diamond surface at 800 °C for 15
min. (b) After 6 hours of growth using a CHy concentration of 0.025 %. The same substrate is

used for these experiments.

15 minutes. Clear atomic steps running along (110) direction is observed. The
measured step height is ~ 1 A, consistent with the height of a single atomic
layer.

A diamond thin film is grown using conditions of a temperature of 800
°C, pressure of 25 Torr, microwave power of 750 W, H, flow of 400 sccm, and
CH4 flow of 0.1 sccm (CHy4 concentration of 0.025 %) for 6 hours following
an in-situ H etching process of 15 minutes. A 1 um x 1 um AFM image
of the surface is shown in Fig. 3.10(b). An average of the mean roughnesses
from three random points of the surface is computed to be ~ 1 A demonstrating
that the grown film has an atomically flat surface. The direction and spacing
of the atomic steps are similar to the H etched surface shown in Fig. 3.10(a),

suggesting that the diamond film is grown by the step-flow mode starting from
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Figure 3.11: Secondary ion mass spectrometry (SIMS) 4N profile of a PE-CVD film grown
on top of a commercially available Type Ib (100) diamond substrate. The growth interface and

the detection limit of the SIMS measurement are shown by vertical and horizontal dot lines,

respectively.

the step edges prepared by the H etching pretreatment. A coincidence of the
step spacing between Fig. 3.10(a) and 3.10(b) is because the same substrate

is used for these experiments, as the step spacing depends on the miscut angle

unique to the substrate.
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3.6 Material properties of CYD-grown diamond
film

3.6.1 Nitrogen impurity and growth rate

Secondary ion mass spectrometry (SIMS) measures nitrogen impurity con-
centration as a function of depth. Figure 3.11 shows a SIMS nitrogen ('*N) pro-
file of a CVD-grown diamond film grown on top of a Type Ib diamond substrate.
A clear increase of nitrogen concentration is observed at ~ 520 nm correspond-
ing to the interface between the substrate and the film. The nitrogen impurity
level of the grown films is ~ 2 x 10" ¢cm™3 (~ 10 ppb), which is four orders
of magnitude less than that of the substrate, reaching the detection limit of the
measurement system. The result confirms the high-purity of the CVD-grown
film.

The film shown in the figure is grown by four separate 6-hour growths
using various CH4 concentrations of 0.025, 0.05, 0.075 and 0.1 %. Assuming
that the growth rate is proportional to the CH4 concentration [72], the nominal
growth rate for the 0.025 % CH4 concentration is calculated to be 8.7 nm / hour.

The growth rate deviates from 5 to 13.4 nm/hour for other five samples
grown at CHy4 concentration of 0.025 % computed by SIMS data of each sam-

ple. The origin of the growth rate deviation is unclear, but details of growth
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conditions and substrate quality fluctuations may sensitively affect the growth
rate. An average growth rate is computed to be 8.2 £+ 3.2 nm/hour from these
data, which is used hereafter as a calibrated growth rate for a CH4 concentration

of 0.025 %.

3.6.2 Surface termination

Chemical components and the form of atomic bonding near the surface are
different from the bulk and hence the surface properties differ from the inherent
properties of the material. Surface oxidized layer, termination, and reconstruc-
tion are the origins of unique surface phenomena of materials. Since electrical
[87, 93, 94] and optical [95, 96] properties of diamond near the surface show
different properties from the bulk, it is important to understand the diamond’s
surface chemistry.

X-ray photoelectron spectroscopy (XPS) is a useful technique to measure
the chemical components and their bonding forms within top ~ 10 nm or less
from the surface. A material is irradiated by an Al Ko x-ray (photon energy
Ephoton = 1486.7 €V) under a ultra high vacuum (UHV) condition, which ion-
izes and pulls out electrons from the material into the vacuum. The number of
emitted electrons is measured as a function of their kinetic energy (Egjneric), and

because of the energy conservation law, the electron binding energy (Epinging)
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Figure 3.12: X-ray photoelectron spectra of a Type Ib diamond substrate (top) and a PE-CVD
film (bottom). Peak positions corresponding to O Auger, Ols and Cls are shown as vertical dot

lines.

can be measured as,
Ebinding = Ephoton — Einetics (3.6)

if the work function of the detector is aligned with the energy level of the ma-
terial’s surface. Since Epor0n 18 known, Epinging can be measured by measuring
Elineric- In addition, since Ep;pgine is known for each chemical component and
its bonding form, the atomic components and their chemical states are quantita-
tively measured.

The detection depth of the measurement is determined by the inelastic
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mean free path (IMFP), which is the depth that photo-excited electrons are scat-
tered off by the atoms before reaching to the surface. The IMFP depends on the
photoelectron energy but it is less sensitive to the choice of the target materials,
following the “universal curve” [97]. The sampling depth is typically 3 — 10
nm for the Al Ko x-ray excitation, and therefore the XPS technique is sensitive
to the surface. The surface sensitivity can be enhanced by tilting the sample in
order to reduce the x-ray incident angle.

Figure 3.12 shows XPS spectra for a Type Ib (100) diamond substrate (top)
and a CVD-grown film of ~ 50 nm thick (bottom). The substrate shows three
peaks at 284, 531, and 974 eV, corresponding to Cls, Ols, and O Auger peaks,
respectively and suggesting that the surface of the diamond substrate is oxygen-
terminated. The oxygen atoms terminate the surface carbon atoms rather than
forming an oxidation layer [98, 99], which is a unique property of diamond un-
like other common semiconductor materials such as Si and GaAs. On the other
hand, the CVD film shows only Cls peak at 284 eV without displaying the
oxygen-related peaks, suggesting that the surface of CVD films is hydrogen-
terminated due to the dominant hydrogen plasma effect during the PE-CVD
growth [100] (note that XPS measurements are insensitive to hydrogen atoms).
It should be noted that the CVD-grown sample is left in the ambient condition

for a week before taking the XPS data, suggesting that the hydrogen termination
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Figure 3.13: LEED pattern of the hydrogen-terminated, CVD-grown film at an acceleration

voltage of 160 V. The dark feature at the center is the shade of the electron gun.

of the diamond surface is stable in air, which prevents the surface oxidation.

3.6.3 Surface reconstruction

The surface reconstruction of the hydrogen-terminated diamond is fur-
ther investigated using a low-energy electron diffraction (LEED) technique. A
hydrogen-terminated, CVD-grown film (the same sample used in the XPS mea-
surement) is placed in a UHV chamber, while an electron beam accelerated at
30-200 eV is irradiated perpendicular to the sample surface. A diffraction pat-
tern of the backscattered electrons is observed as spots on a phosphor screen.
Since the electron beam at these acceleration voltages penetrates only a few
nanometer from the surface, the LEED technique measures symmetry of the
crystal structure of the surface.

Figure 3.13 shows a LEED pattern of the hydrogen-terminated, CVD-
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Figure 3.14: Interpretation of the LEED pattern. (a) Schematic of the hydrogen termination
of the (100) diamond surface. Each square corresponds to a surface unit cell. Carbon and
hydrogen atoms are represented by C and H. Lines connecting C’s and H’s represent atomic
bonds. Note that each carbon atom on the (100) surface has two dangling bonds, one of them
forms a bond with another nearest carbon atom and the other is terminated by a hydrogen atom.
Red triangles represent the center of periodic units, which are extracted in (b). (b) Schematic
showing a periodic structure of the hydrogen-terminated (100) surface. A unit of the period
is a rectangle of a x 2a, running parallel to the (110) directions. (c) k-space representation of
the periodic structure shown in (b), showing a (1x2) pattern. Through two-dimensional Fourier
transformation, the edge lengths of the periodic unit are transformed to 1 /a=b and 1/2a=b/2.
(d) Interpretation of the LEED pattern shown in Fig. 3.13. The LEED pattern is constructed by
a superposition of (c) and a 90-degree rotated pattern of (c) due to the orthogonal directions of
carbon-carbon bonding in alternate atomic layers, and hence it displays a (1x2)/(2x1) pattern.
Periodic points coincided in two orthogonal patterns are brighter (triangles in yellow) than those

not (green), which is reproduced in the measured LEED pattern shown in Fig. 3.13.
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Figure 3.15: 1 um x 1 um AFM images of H-etched, (111) diamond substrate at 800 °C for
15 (a) and 1 min. (b). (c) After 6 hours of growth at 800 °C using a CH4 concentration of 0.025
%.

grown film at an acceleration voltage of 160 V, displaying a (2x1)/(1x2) diffrac-
tion pattern. A (2x1) surface reconstruction suggests that one of two dangling
bonds of a carbon atom on the top (100) plane is bonded to the nearest car-
bon atom, while the other dangling bond is terminated by a hydrogen atom as
schematically shown in Fig. 3.14 [101]. Coexistence of (2x1) and (1x2) diffrac-
tion pattern is due to the direction of carbon-carbon bonding being orthogonal

in alternate layers.

3.7 Diamond growth on (111) plane

PE-CVD films of diamond epitaxially grown on (111) substrates have some
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advantages for the NV center applications as the NV center symmetry axis can
align perpendicular to the surface. Magnetic or electric field induced at the NV
center is increased for the (111) plane through a cos@ term where 68 = 54.7° is
the angle between (111) and (100) directions, which enhances NV-based mag-
netic sensitivity [102] and DC Stark effect of NV centers [103]. In addition,
it is recently reported that growth-incorporated NV centers on the (111) plane
have their symmetry axis exclusively perpendicular to the surface, allowing for
an access to all NV centers in magnetic imaging measurements [104, 105].
The H etching effect on (111) substrates (Sumitomo Electric Industries,
Type Ib, HPHT) is investigated using a temperature of 800 °C, microwave
power of 750 W, pressure of 25 Torr, and Hy flow of 400 sccm. A 1 um X
1 um AFM image of the sample (Fig. 3.15(a)) after the H etching treatment
for 15 minutes reveals a rough surface of the (111) plane compared to (100)
even though the conditions are identical, suggesting that an H plasma effect is
stronger for the (111) plane due to an anisotropic H etching effect [88]. In or-
der to mitigate the H plasma damage, the duration of the H etching treatment
is reduced to 1 minute, resulting in periodic atomic-step features as shown in
Fig. 3.15(b) similar to the (100) result (Fig. 3.10(a)). However, a 6-hour growth
using identical conditions optimized for the (100) plane (CH4 concentration of

0.025 %) following a 1-minute H etching pretreatment results in a completely
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Figure 3.16: 10 um x 10 um AFM images of (111) diamond film grown at 750 (left), 800
(center) and 850 °C (right) using a CHy4 concentration of 0.015 %.

different surface morphology from the (100) growth result, displaying much
rough surface as shown in Fig. 3.15(c). The result suggests that the H etching
effect is stronger on the (111) plane, requiring to re-optimize growth condi-
tions to balance the H etching effect and diamond growth specific to this growth
plane.

A growth temperature dependence of surface morphology is studied at
750, 800 and 850 °C with a reduced CHy4 concentration of 0.015 %. Each
growth is run for 6 hours following an in-situ H etching pretreatment (1 minute)
under the same temperature as for each growth. Figure 3.16 shows 10 ym x
10 um AFM images for the samples grown at 750 (left), 800 (center) and 850
°C (right), respectively. The surface of the 850 °C sample is rough displaying

“spoon-cut” features, also observed at 800 °C whereas they disappear at 750 °C.
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Figure 3.17: 10 um x 10 um AFM image of (111) diamond film grown using a microwave
power of 1200 W, pressure of 50 Torr, and CH4 concentration of 0.025 %. The power of

microwave heats substrate temperature (7,;) up to 505 °C without RF heating.

The surface of the 750 °C sample is covered with periodic line features, how-
ever, their step height is larger than a single atomic step, necessitating a further
optimization.

Tokuda et al., investigated step-flow growth conditions for (111) diamond
films using a microwave power of 1200 W, pressure of 50 Torr, temperature of
around 900 °C, and CHy4 concentration of 0.025 % [106]. They demonstrated
an atomically flat surface by suppressing 2D nucleation using a low CH4 con-
centration and choosing dislocation-free areas on a lithographically patterned
10 um x 10 um mesa on a Type Ib HPHT substrate, which has a miscut angle
of 1.5°.

Inspired by this result, a (111) sample is grown using a microwave power

of 1200 W, pressure of 50 Torr, and CH4 concentration of 0.025 %. These con-
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ditions result in a Ty,;, = 505 °C without RF stage heating due to the power
of microwave. An AFM image reveals periodic line features on the surface
(Fig. 3.17) although their height is much larger than single- or double- atomic
steps. A growth temperature could be increased by active RF stage heating,
which could result in a different surface morphology. However, an active heat-
ing along with a high power microwave raises concerns about heat damage to
the growth system and therefore, the temperature dependence cannot be further
investigated. More careful considerations about miscut angle and dislocation
densities of substrates may also be required.

With preliminary results, it is concluded that diamond growth on the (111)
plane is more difficult than on the (100) plane due to a strong anisotropic H
etching effect. It still remains unclear whether CH4 concentration should be
increased to compensate the H etching effect or it should be decreased to etch
off irregular nucleation. Careful considerations about the substrate miscut angle
and dislocation density are also necessary to achieve an atomically flat surface

on the (111) plane.
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3.8 Increasing growth rate using high microwave

power

3.8.1 Increasing growth rate

The growth mode using an extremely low CH4 concentration (denoted as
the “low-power” growth mode hereafter) results in high-quality diamond films
demonstrating a low nitrogen impurity concentration and an atomically flat sur-
face, as described in Section 3.5 and 3.6. However, this growth mode results in
a very slow growth rate less than 10 nm per hour, limiting the film thickness of
CVD-grown films to a few hundreds of nanometers with a reasonable growth
time. Since depth resolution of confocal microscope measurements is a few mi-
crometers, micrometer-thick films are required in order to optically differentiate
NV centers in the CVD-film from ones originated in the substrate, necessitating
an increased growth rate up to micrometers per hour.

The growth rate of a diamond film is increased generally in proportional
to the CH4 concentration [72, 107]. As increasing the CHy concentration, mi-
crowave power should be increased simultaneously in order to activate sufficient
amount of atomic hydrogen in the plasma for etching off unfavorable growth
sites nucleating non-epitaxial crystallines and pyramidal hillocks.

Tallaire, Achard et al., systematically investigated diamond homoepitaxy
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with a growth rate of micrometers per hour using microwave power of 3200 W,
CH4 concentration of 4 %, pressure of 220 mbar (165 Torr), growth temperature
of 850 °C, and total gas flow of 500 sccm [108, 109]. With the optimized growth
conditions, they observed macroscopically smooth surface without observing
defect-related peaks in low-temperature PL. measurements, while growth rate is
increased up to 6 um/hr. They also demonstrated that the growth rate can be
increased up to ~ 16 pum/hr by either using a higher CH4 concentration of 7.2

%, or adding a small amount of nitrogen ~ 10 ppm [110].

3.8.2 Growth system and procedure

In order to provide sufficient microwave power for a high growth rate, mi-
crowave generator of the system is replaced to the one capable of generating
up to 6 kW (Astex FI20111, “high power microwave head”, Fig.3.18). Since
the increased power of microwave significantly heats up the sample stage, the
RF heater stage is replaced to a water-cooled, stainless steel stage. The growth
temperature can be controlled by changing the thermal coupling between the
cooling stage and the Mo sample holder by inserting copper shims in between.
However, all the samples presented in this dissertation are grown with a direct
contact of the sample holder to the cooling stage, and hence the growth tem-

perature is not an independent parameter, depending on the microwave power.
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Figure 3.18: Picture of the “high power” microwave head.

These system modifications can easily go back and forth, allowing for switch-
ing between the “low-power” and “high-power” growth as necessary.

Inspired by previous works of Tallaire ef al., [108, 109] a microwave
power dependence of surface morphology is investigated for CH4 concentra-
tions of 4 and 7 %, while other growth parameters are fixed using pressure of
165 Torr, total gas flow (Hy + CHy) of 500 sccm and growth time of 6 hours.
All the samples are grown on Type Ib (100) diamond substrates (from Sumit-
omo Electric Industries). While pressure and microwave power are ramped up
before starting growth, a 10 sccm flow of O, gas is added while H; flow is kept
at 490 sccm. This Hy-O, plasma pretreatment is known to help increasing the
surface quality during the high power growth [111]. When the pressure and

microwave power becomes stable, the diamond growth is immediately started

55



Figure 3.19: Differential interference contrast microscope (DICM) images of sample surface
grown by the “high-power” growth mode using microwave powers of 2600, 3000, 3200, and
3800 W (from left top to right bottom) and a fixed CH,4 concentration of 4 %. Different colors

of the surface are due to various angles of the polarizer, which is unrelated to the growth results.

by adding CH4 gas at the calculated flow, while O, gas is cut off and Hy flow
is adjusted for a target CH4 concentration under a fixed total gas flow of 500

sccm.

3.8.3 Growth results

Four samples are grown at a CHy concentration of 4 % using various mi-
crowave powers of 2600, 3000, 3200, and 3800 W, and their surface is charac-

terized by a differential interference contrast microscope (DICM) as shown in
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Fig. 3.19. The read of pyrometer temperature during growth are 890, 880, 970,
and 1070 °C, respectively (note that the pyrometer readings are not reproducible
as discussed in Section 3.4). At 2600 W, the entire surface is covered by etch
pits caused by decrease in surface reaction rates due to relatively low growth
temperature [108, 112]. The surface is smooth without non-epitaxial crystal-
lites and pyramidal hillocks at 3000 and 3200 W, while a higher microwave
power of 3800 W results in a surface covered with a number of pyramidal de-
fects originated from surface point defects [108], suggesting that an optimized
microwave power is either 3000 or 3200 W.

A growth rate using a microwave power of 3200W and CH,4 concentration
of 4 % is measured by SIMS. The sample is grown on a Type Ib substrate and
a clear interface between the film and the substrate is seen in the SIMS result
shown in Fig. 3.20. The growth rate is calculated to be 1.8 um/hr by dividing
the film thickness of 10.6 um with a growth time of 6 hours, which is about
200 times lager growth rate than grown by an extremely low CH,4 concentration
(Fig. 3.11). The nitrogen impurity level of the CVD film is ~ 4 x 10! cm™3, or
20 ppb, which is slightly higher than the “low power” growth mode, suggesting
that nitrogen atoms may more easily be incorporated into the diamond film with
a larger growth rate.

In order to aim for even higher growth rates, CH4 concentration is in-
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Figure 3.20: SIMS !“N profile of a PE-CVD film grown using a microwave power of 3200
W and CH4 concentration of 4 % on top of a commercially available Type Ib (100) diamond
substrate. The interface between the film and the substrate is shown by a vertical and dot line.

The nitrogen impurity level of the film is ~ 20 ppb, as shown in a horizontal dot line.

creased to 7 %. DICM images are taken from the samples grown for 6 hours at
various microwave powers of 3000, 3800, 4400, and 5000 W (Fig. 3.21). All
samples show macro-bunching structures on the surface, suggesting step-flow
growth is a dominant growth mode. At 3000 W, the bunching structures run
in parallel lines on most of the surface while at some places they run along the
edges of pyramidal hillocks. As increasing the microwave power, the bunch-
ing structure results in vortices rather than lines, which is apparent in results
above 4400 W. The bunching structures are caused by nitrogen impurities in

the substrate, which block the advancement of steps [108]. Pyramidal hillocks
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Figure 3.21: DICM images of sample surface grown using various microwave powers of 3000,

3800, 4400, and 5000 W (from left top to right bottom) with a fixed CH4 concentration of 7 %.

and vortex structures are likely nucleated from substrate dislocations, requiring
better control of the substrate quality for a further improvement of the surface

morphology.

3.8.4 Growth-incorporated NV centers: possibilities

Finally, possibilities of growth-incorporated NV centers are discussed. Tal-
laire et al, demonstrated that an addition of N, gas between 2 to 10 ppm (relative
to the total gas flow) during diamond growth (microwave power: 3200 W and

CH4 concentration: 4 %) results in observation of PL peaks at 575 nm and 637
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nm corresponding to zero phonon lines of NV® and NV- states [110]. The peak
intensities become larger as the nitrogen flow is increased, suggesting that the
density of NV centers in the crystal is related to the nitrogen doping amount
in the gas phase. In these films, vacancies are likely created by either inherent
point defects due to a high growth rate (greater than a micrometer per hour) or
high-power plasma damage. Although their growth rate is too large to control
film thickness at a nanometer scale using the “high-power” growth mode, these
results suggest that it is possible to “dope” NV centers in the diamond crystal
during the growth. In the next chapter, a growth technique is presented that
constrains the depth of the nitrogen doped layer in the film, which enables to

control depth of NV centers at a nanometer scale.

3.9 Conclusion

In this chapter, PE-CVD growth of high-quality, single crystal diamond is
studied. Thermodynamics background and a growth theory for the step-flow
growth are presented. Details about the growth system and sample preparation
processes are also discussed.

The step-flow growth is a key to achieve an atomically flat surface. An in-
situ H etching treatment prior to the growth is important to prepare atomic steps

providing nucleation sites for carbon adatoms. It is shown that the H etching
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effect is very sensitive to the temperature, and that the atomic steps are observed
only when temperature is > 750 °C, while the surface becomes rougher as in-
creasing the temperature < 700 °C.

Optimized growth conditions for (100)-plane, PE-CVD films using a tem-
perature of 800 °C, microwave power of 750 W, pressure of 25 Torr, H, flow of
400 sccm and CHy flow of 0.1 sccm (CH4 concentration of 0.025 %) result in
a high purity crystal with an atomically flat surface. These growth conditions
lead to a slow growth rate of 8.2 £ 3.2 nm/hr due to a strong H etching effect
by using an extremely low CH,4 concentration. Surface characterization tech-
niques such as XPS and LEED reveal that the surface of a CVD-grown film is
hydrogen terminated, which is stable in the ambient condition.

Crystal growth conditions on (111) substrates are different from the op-
timized conditions for (100) substrates due to the anisotropic H etching effect.
Further control of miscut angle and dislocation density of substrates are required
for an atomically flat surface.

Growth rates of (100)-plane films are significantly increased by using a
higher CH,4 concentration and a high power microwave. The “High-power”
growth conditions using a CH4 concentration of 4 %, microwave power of 3000
or 3200 W, pressure of 165 Torr and total gas flow of 500 sccm result in smooth

surfaces without non-epitaxial crystallites and pyramidal hillocks. Further en-

61



hancement of growth rate would be expected by increased CH4 concentration,
although more considerations about dislocation density and impurities of sub-
strates are required.

Growth insights on the bulk, pure materials are very important to de-
velop advanced crystal growth techniques, including doping techniques and
creating layered structures. A nanometer-scale growth rate of the “low-power”
growth mode would enable controlling thickness of layers in a diamond film at a
nanometer scale. A very low nitrogen impurity background in the CVD-grown
film would allow for doping nitrogen at the controlled depth in the film. In the
next chapter, a nitrogen doping technique is explored that enables to control

depth of NV centers at nanometer scale while preserving their spin coherence.
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Chapter 4

The nitrogen delta-doping

technique

4.1 Introduction

External spin sensing is one of the most important challenges of the NV
center-based metrologies, enabling many applications such as hybrid quantum
architectures [113] and, most importantly, nanometer-scale magnetic sensing/im-
aging [39, 40, 42, 114]. A critical challenge to realize the external spin sensing
is to create NV centers close to the surface while maintaining their spin coher-
ence, in order to enable reasonable magnetic coupling between a target external
spin and the probe NV center spin. In this chapter, a technique based on the
crystal growth — the nitrogen delta-doping technique — is presented as a method

to engineer shallow spins. Challenges for creating surface-proximal spins are
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described in Section 4.2. The concept of the nitrogen delta-doping is presented
in Section 4.3. Section 4.4 describes sample preparation process including de-
tails of the doping process. Measurement setup is described in Section 4.5 and
isotopic identification of doped NV centers are discussed in Section 4.6. Exper-
imental and analytical results showing nanometer-scale confinement of doped
NV centers are presented in Section 4.7. Spin coherence properties of shallow
NV centers are discussed in Section 4.8. Potentials of doped NV centers for ex-
ternal spin sensing is presented in Section 4.9, and finally, Section 4.10 presents

conclusion and outlook.

4.2 Challenges

4.2.1 Magnetic dipole coupling

The magnetic dipole-dipole coupling between an external target spin and

the probe NV center electronic spin is described by a following Hamiltonian,

_ Ho88ext LB Hext

Haip 4mr3

[SnvSext —3(Snv - #)(Sext - )], (4.1)

where L is the vacuum permeability, g (g..) is the electronic (target spin’s)
g-factor, up (Uey) 1s the Bohr (target spin’s) magneton, §NV (§ex,) is the spin
operator of the NV center (target), r is the distance between the target and the

NV center, and 7 is the unit vector connecting them [54, 115]. The terms in
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the brackets define the angular dependence and the prefactor determines the
strength of the dipole coupling. Figure 4.1(a) plots the prefactor of the dipole
coupling (in the units of Hz) as a function of the target-NV distance r, using the
following equations for an electron spin (black curve) and a proton (red curve)

spin detection, respectively,

2,2
08
felectmn = %7 (42)
88pHB
Fororon = FEEPERED, 43)

where £ is the Planck’s constant, g, = 5.59 is the proton g-factor, and u, =
1.41 x 10725J/T is the proton magnetic moment. Note that the proton mag-
netic moment is about 660 times smaller than the Bohr magneton, tp = 9.27 X
10~24J/T, leading to the dipole coupling strength with a proton spin about 3
orders of magnitude smaller than that with an electron spin. For example, the
dipole coupling prefactor is 6.5 MHz and 28 kHz for an electron and a proton
spin, respectively, at a distance r = 2 nm. Figure 4.1(b) plots 1/f,ectron (black
curve) and 1/fp,o0n (red curve) as a function of the target-NV distance r, which
are equivalent to the spin coherence times (in the units of us) required for an
NV center to detect an electron and a proton spin. These plots summarize the

engineering challenges for the external spin sensing, which requires to create
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times (in the unit of us) as a function of target-NV center distance for a single electron (black
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blue belt to emphasize the engineering target.
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NV centers shallower than 20 nm (ideally 5 nm for a proton spin detection)
from the surface while maintaining their spin coherence times on the order of
hundreds of microseconds (blue belt in Fig. 4.1(b)). Moreover, since the dipole
coupling decays with distance r by 1/r3, nanometer-scale depth control of shal-
low NV centers is also critically important.

It was demonstrated that a single NV center in an isotopically engineered
diamond material displayed a long spin coherence time 7, as long as 1.8 ms
[26]. However, the measured NV center was in the bulk and the density of
such NV centers was extremely low, necessitating an engineered way to create

shallow NV centers.

4.2.2 Shallow NV center creation

A common way to create shallow NV center is to utilize a nitrogen ion
implantation technique, which accelerates nitrogen ions and bombard them to
a diamond crystal [32, 33, 34]. The nitrogen implantation process creates both
nitrogen and vacancies at the same time, and vacancies diffuse to form NV cen-
ters during a subsequent annealing process. As the nitrogen diffusion length in
diamond is low [116], the mean depth of NV centers can be tuned by an implan-
tation energy. For example, an energy of 6 keV results in the calculated average

NV center depth of 10 nm [45], and a use of very low energy of 0.4 keV cre-
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ates NV centers at a predicted depth of as shallow as 1.1 nm [117]. However,
the measured NV center depth dispersion was usually wider than the expected
values from SRIM calculations [118] due to the ion channeling and straggling
effects [33]. As an example, the measured NV center depth dispersion is wider
than 10 nm at a 6 keV acceleration energy, much larger than the calculated
value of +3 nm [45]. The depth dispersion would be diminished by reducing
the acceleration energy, but the predictable depth control at nanometer-scale is
necessary as the magnetic dipole coupling is very sensitive to the depth of NV
centers.

Moreover, NV centers created by the nitrogen ion implantation show widely
dispersed and usually short spin coherence times 7>, due to non-uniform crystal
damage caused by the ion impact [33, 34]. For example, some of the implanted
NV centers showed 7, > 50 us while up to 40 % of measured NV centers
resulted in 7> < 10 us in Ref. [34]. For efficient external spin sensing measure-
ments, creation of NV centers with reproducibly long 75 is important.

Encouragingly, a growth-incorporated NV centers with millisecond 7, was
located within a top 100 nm layer of a diamond crystal, although the depth dis-
persion was too large for the target external spin sensing applications [119].

As discussed above, creation of shallow and depth-controlled NV centers

with maintained spin coherence remains an outstanding challenge.
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Figure 4.2: Schematic of crystal structure of a nitrogen delta-doped sample (top) and growth
sequence showing a timing chart of the source gas introduction (bottom). The time is not to

scale.

4.3 Concept of the nitrogen delta-doping

The nitrogen delta-doping technique is a method to create NV centers by
using an in-situ nitrogen doping during crystal growth of diamond [120]. Figure
4.2 shows a crystal structure of the nitrogen delta-doped sample and a growth
sequence showing a timing chart of the source gas introduction. During the di-
amond growth, N> gas is briefly introduced to the growth chamber whose gas
flow and timing is controlled by a mass flow controller (MFC). The thickness
of the nitrogen doped layer is determined by duration of N, gas introduction
while the depth of the nitrogen doped layer is defined by the thickness of a sub-

sequently grown cap layer. For nanometer-scale depth control of NV centers,
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the growth rate is reduced down to ~0.1 nm/min.

Vacancies are created separately in the post growth process, and they dif-
fuse to form NV centers during a subsequent annealing process. Specifically, an
electron irradiation technique is used for the post growth vacancy creation as it
causes far less damage compared to the ion implantation, maintaining the high
crystal quality of the PECVD-grown diamond film.

The in-situ nitrogen doping, reduced growth rate, and the post growth va-
cancy creation are the key components of the nitrogen delta-doping technique,
which provide both nanometer-scale depth control as well as long and repro-
ducible spin coherence times of engineered NV centers, as discussed in the

following sections.

4.4 Sample preparation

4.4.1 Crystal growth conditions

All the diamond samples are grown by the plasma-enhanced chemical
vapor deposition (PE-CVD) system, using a growth temperature of 800 °C,
microwave power of 750 W, pressure of 25 Torr, H, flow of 400 sccm, and
2CH, gas flow of 0.1 sccm, on top of a commercially available, electronic
grade (100) diamond substrate from Element 6 [84]. Prior to the growth, all

the substrates are mechanically polished by Syntek. These growth parameters
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result in a growth rate of 8.2 4+ 3.2 nm/hr calibrated by secondary ion mass
spectrometry (SIMS) measurements. The extremely slow growth rate enables
to control depth of the nitrogen doped layer at nanometer scale. Isotopically
purified 2CH, (99.999 %) source gas (from Cambridge Isotope Laboratories)
is used in order to deplete 3C nuclear spins in the film, which are know to be a

spin decoherence source for NV centers [26].

4.4.2 Nitrogen doping

To dope nitrogen, N> gas (10 — 30 sccm) is simply added while keeping
all other growth parameters as the same. Nitrogen is typically doped for 10 to
15 minutes during the growth, which forms a nitrogen doped layer of 1-2 nm
thick. Isotopically purified ’N, (> 98 %, also from Cambridge Isotope Labo-
ratories) 1s used in order to discriminate NV centers in the nitrogen doped layer
from those in the substrate, which will be discussed in Section 4.6.

The nitrogen dopant concentration is estimated by a N SIMS profile
of a sample containing four nitrogen-doped layers. Each layer is doped with
naturally abundant N, gas ("N = 99.6 %) for 1 hour using various doping gas
flow of 50, 20, 10 and 5 sccm (from bottom to top). Each nitrogen doped layer
is separated by pure diamond layers grown for 2 hours, and the entire structure

is grown on top of a Type Ib (100) diamond substrate. Three peaks are identi-
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Figure 4.3: '*N SIMS profile of a stack of nitrogen doped layers. The doping N5 gas flow is
varied for 50, 20, 10, and 5 sccm in each layer from bottom to top as indicated by a green arrow
showing the growth direction. The red curve is a three Gaussian fit on top of a cubic polynomial
to account for the background fluctuations. The nitrogen concentration in the 5 sccm layer is

below the noise floor of the measurement. Original data presented in Ref. [120]

fied in the SIMS profile shown in Fig. 4.3, which are attributed to the nitrogen
doped layers with 50, 20, and 10 sccm flow, respectively, based on the estimated
depth of each layer. A fit to these peaks suggests that the nitrogen dopant con-
centration increases monotonically with the doping gas flow: (0.8 + 0.6) x10'°
em 3, (1.3 £0.3) x10' cm =3, and (3.1 £ 0.3) x10'6 cm~3 for 10, 20 and 50
sccm, respectively. The nitrogen dopant level for the 5 sccm doping gas flow is
below the noise floor of the SIMS profile, which is 0.6 x 10'® cm™3.

Given a relatively large N,/CHy gas flow ratio, the nitrogen incorporation
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to the diamond crystal is very limited. The insufficient N, activation in the
plasma state due to relatively low microwave power may account for this low
nitrogen incorporation, or the strong hydrogen etching effect may remove ni-
trogen adatoms before they are incorporated into diamond crystal. Contrary
to other reports using high microwave power [110, 121, 122], nitrogen doping
does not increase the growth rate, enabling to control the nitrogen doped layer
thickness at nanometer scale, which supports the speculation that the hydrogen
etching effect may be dominant in the low microwave power growth mode used

during the nitrogen delta-doping technique.

4.4.3 Post growth vacancy creation process

After the growth, sample is subject to an electron irradiation process for
vacancy creation using an acceleration energy of 2 MeV and a dose of 10'4
cm~2 at the NEO beam facility in Kent State University. The vacancies diffuse
to form NV centers during a subsequent annealing process using a quartz tube
furnace at 850 °C for 2 hours in a Hy/Ar forming gas atmosphere. Note that the
high energy electron beam penetrates the diamond crystal creating vacancies
also in the substrate forming background NV centers, requiring to discriminate
NV centers in the nitrogen doped layer from substrate NV centers, which is

discussed in Section 4.6.
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Figure 4.4: Residual gas analysis (RGA) of the nitrogen partial pressure of the growth chamber
after shutting off the N, gas of 100 (green), 50 (red), and 10 (blue) sccm flows. Each data are
fitted by a single exponential decay shown as lines of each color. Original data presented in Ref.

[120]

After the annealing process, the sample is cleaned using a perchloric acid
mixture (HCIO4: H,SOy4: HNO3 = 10 mL : 10 mL : 10 mL, at 200 °C for 30
min.) in order to remove a graphitic layer, as well as to oxidize the surface for

promoting the negatively charged state of the NV centers [95, 96].

4.4.4 Residual gas analysis

The sharpness of the nitrogen doped layer interface is a key for the nanome-
ter-scale depth confinement of NV centers. It is generally believed that the
molecular beam epitaxy (MBE) technique allows for abrupt interfaces using
ultra high vacuum and mechanical shutters to alternate the source, compared
to the chemical vapor deposition (CVD) technique, which requires a transition

time to wash out the prior gas after switching source gases. Although the di-
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amond growth is based on the CVD technique, the situation is different as the
growth rate is extremely low.

A residual gas analysis (RGA) is performed to estimate the sharpness of
the nitrogen doped layer. The chamber gas condition is kept consistent with the
growth conditions (pressure of 25 Torr and Hy flow of 400 sccm), and N, gas
is added with various gas flow of 10, 50 and 100 sccm. The nitrogen partial
pressure after cutting off the N, flow is monitored using an RGA probe inserted
into the growth chamber through a port. Figure 4.4 shows decay curves of the
nitrogen partial pressure with various N> flows. The lines in the figure show
fits to the data, resulting in a decay time constant of 19.8 &£ 1.7 sec consistent
across the three different nitrogen gas flows. This transition time defines the
thickness of a transient layer, the sharpness of the nitrogen doped layer inter-
faces. Given the growth rate of 8.2 £ 3.2 nm/hr, the thickness of the interfacial
layer is estimated to be < 0.5 A, which is less than one monolayer thickness of

the diamond lattice.

4.5 Measurement setup

Spin properties of NV centers originated in the nitrogen doped layer are
measured using a home-build confocal microscope setup. This section describes

the measurement setup used in this dissertation [10, 123, 124, 125]. All mea-
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surements are performed in the ambient conditions.

4.5.1 Optical setup

Figure 4.5 schematically shows the optical measurement setup. A con-
tinuous wave (CW), monolithic diode-pumped solid-state (DPSS) laser from
Oxxius (SLIM-532S-150-COL-OE) is used for an excitation laser source. The
wavelength of the laser is 532 &= 1 nm (green) and the output power is 150 mW.
The laser excitation power to the sample can be changed by an attenuator in
front of the laser.

An acousto-optic modulator (AOM; Isomet 1250C) is inserted in the laser
path at the focal point of a lens pair. The crystal used in the AOM (PbMoOy)
has a damage threshold of 10 W/mm?, which is large enough for an estimated
power density at the focal point of the laser. The AOM is controlled by an RF
driver whose output power is adjusted to provide an optimized extinction ratio.
Another trick to enhance the extinction ratio is to insert a “tank circuit” between
the AOM and the RF driver. It consists of a hand-coiled wire in parallel with
two parallel pin diodes pointing opposite directions working as a band-block fil-
ter at the operating RF frequency when the input voltage is below the pin diode
threshold.

The laser beam is expanded using another lens pair such that the Gaussian
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Figure 4.5: Schematic of the optical setup

77



beam covers the back iris of objective lens. The laser polarization is refined by
a Glan-Thompson polarizer and a half-wave plate is used to rotate the polar-
ization. A dichroic mirror (Semrock LPD01-532RU-25) reflects the excitation
beam at 532 nm wavelength, while transmits the wavelengths of the PL from
NV centers. A fast steering mirror (FSM; from Newport) is used to raster the
beam for two-dimensional imaging. A lens pair of the identical focal length
is inserted between the FSM and the objective lens in order to compensate the
beam shift due to the raster of the beam. Finally, the laser beam is focused
by an objective lens (Olympus, LMPLFLN) that has a magnification of x100,
a Numerical Aperture (NA) of 0.80 and a working distance of 3.4 mm. Some
data are taken by a separate, similar setup in the Jayich lab, which uses an oil
immersion lens (Olumpus APON 60XOTIRF) with an NA of 1.49.

A lithographically patterned Ti (10 nm) / Pt (90 nm) coplanar waveguide
(CPW) on the sample is wirebonded to a brass holder, which is mounted at the
end of an aluminum part attached to motorized stages. The in-plane position of
the sample is controlled by a combination of a vertical and a horizontal stages
(Newport, PM500), and the focus is changed by a separate motorized linear
stage (also Newport, PM500) that the objective lens is mounted on.

A bar magnet is mounted on a custom-made goniometer for magnetic field

alignment (for experiments discussed in this chapter, the external magnetic field
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is usually off by a few degrees from the NV center symmetric axis [115, 125]).
The magnet can be moved along an axis either manually or using a CMAX
stepper motor (Advanced Micro Systems) in order to change the magnetic field
at the sample in a range of several tens to a few hundred Gauss.

The photoluminescence of NV centers is collected by the same objective
lens used for excitation. The collection path passes through the dichroic mirror
as well as a longpass filter (Omega Optical, 3RD630LP), which cuts off wave-
lengths < 630 nm. The collection path is aligned by a pair of mirrors, one of
which is mounted on a piezomotor-driven optical mount (Newport Agilis se-
ries, AG-M100N) allowing for a fine alignment. Finally, the path is coupled to
an optical fiber, which is connected to an avalanche photo diode (APD, Perkin
Elmer SPCM-AQR-13-FC) to count photons. The APD and the fiber coupler
are placed inside a dark box in order to prevent accidents when excess amount

of light causing damage to the APD.

4.5.2 Electrical setup

Figure 4.6 summarizes an RF electrical setup used to manipulate NV center
electronic spins. The pulse patterns are generated by an arbitrary waveform
generator (AWG; Tektronix 7102. The maximum sampling rate is 10 GS/s).

Four output channels of the AWG are used; the Analog channel is for controlling
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RF microwave, the Channel 1 Marker 1 (ChiM1) as well as Channel 1 Marker
2 (ChIM?2) are used to control switches for demultiplexing output signals to
separate DAQ ports, and Channel 2 Marker 1 (Ch2M]1) is used to control the
AOM. All channels have complementary outputs that are used to monitor the
pulse pattern by using an oscilloscope.

The RF microwave for NV center spin manipulation is generated by a sig-
nal generator (Agilent Technologies, E8257D). The RF frequency that induces
electron spin transition between m; = 0 and *1 states is given by a following
equation (7 = 1),

fos+1=D=xY.-B, 4.4)

where D/2n = 2.88 GHz is the crystal field splitting, y./2w = 2.8MHz/G is the
electron gyromagnetic ratio and B is the external field. All measurements dis-
cussed in this chapter use the mg = 0 to -1 transition with the magnetic field of
less than 300 G, and therefore the RF frequencies used in the experiments are
in a range of 2 — 3 GHz.

The RF sine-wave signal is mixed with patterned pulses from the AWG
using a mixer (MITEQ, BMAO0208LW2MD). The mixed signal is amplified us-
ing a microwave amplifier (Amplifier Research, 25S1G4A) when necessary. In
particular, the signal needs to be amplified when a gold wire loop (instead of

CPW) is used to generate microwave on to the sample, as the wire interferes
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Figure 4.6: Schematic of the electrical setup. (a) and (b) represent two separate setups.
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the laser path and it cannot be placed less than ~ 20 um from NV centers, re-
ducing the RF power applied to them. The RF signal is led to the sample after
the signal passing through a circulator (NARDA, 4923) and a coaxial coupler
(NARDA, 4216-20), which is used to monitor the input power of the signal. The
monitored signal power is converted to a DC output using a zero-bias Schottky
diode detector (Herotek, DZM185AB), which is read by a multimeter.

The Ch2M1 port of the AWG is connected to the AOM driver (Isomet,
525C), which is further connected to the AOM through the tank circuit (see pre-
vious subsection).

The last two ports of the AWG, ChIMI and ChIM?2, are used to con-
trol switches (MiniCircuits, ZASWA-2-50DR) for the output signal (see Fig.
4.6(a)). The APD outputs a train of digital pulses when it detects photons. The
output signal is led to the RF IN port of the RF switch, which goes out through
either “RF1” or “RF2” port depending on the AWG signal (“Low or High”) in-
putted into the TTL port. The RF IN port of the second switch is connected to
the RF1 port of the first switch to make a cascade. The two outputs of the second
switch are connected to separate ports of the DAQ (National Instruments, BNC-
2110). The use of two identical switches, controlled by two separate channels
of the AWG, enables two-channel measurements with short data acquisition

windows (~ 400 ns). For continuous-wave electron spin resonance (CWESR)
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measurements, another DAQ port is used that monitors the raw APD signal.

A separate electrical seup is also used in some measurements, which uses
a combination of a pulse pattern generator (PPG) and a digital delay genera-
tor (DDG) as shown in Fig. 4.6(b). The Channel 1 (Chl) of the PPG (Agilent
Technologies, 81130A; 1.32 Gb/s) is used to modulate RF microwave generated
by an signal generator (Agilent Technologies, E8257D) using an RF electrical
switch (MiniCircuits, ZASWA-2-50DR). The Channel 2 (Ch2) of the PPG is
used to trigger the DDG (Stanford Research Systems, DG645). Two ports of the
DDG (AB and CD) are used to control switches for demultiplexing the output
signal to different DAQ ports allowing for two-channel measurements, and the

third port (GH) is used to control the AOM driver.

4.6 Isotopic identification of doped NV centers

The depth resolution of a confocal microscope is worse than a micrometer,
much larger than the thickness of the CVD grown film (typically less than 150
nm), necessitating a way to discriminate NV centers in the nitrogen doped layer
from the ones in the substrate. Isotopic discrimination is used during the opti-
cally detected magnetic resonance (ODMR) measurements, in order to identify
doped NV centers.

Isotopically purified 1N, gas is used to dope !N isotopes in the grown

83



Norm. /PL (a.u.)

SubstrateNV (/ = 1) Doped NV (/= 1/2)

2.495 25 2.495 2.5
Frequency (GHz) Frequency (GHz)

Figure 4.7: CWESR spectra of a substrate '*NV center (a) and a doped "NV center (b). The
red curves show three- and two- Lorentzian fits to the respective data. Original data presented

in Ref. [120]

film. Since natural abundance of 1N is only 0.4 %, it is very rare that the nat-
urally incorporated nitrogen impurities in the substrate are >N isotopes, which
further suggests that if the 9N isotopic signature is measured, it is highly likely
(with 99.6 % probability) that the measured NV center is originated from the
SN doped layer.

The isotopic signatures are originated from the hyperfine interactions be-
tween the electronic spin of NV centers and the nitrogen nuclear spins of their
host nitrogen, which are measured in low excitation CWESR measurements.
Both the laser excitation power and the microwave power are reduced to resolve
the hyperfine structure in the CWESR measurements. Since '#N isotopes have a
nuclear spin I = 1, they show a three-fold hyperfine splitting each separated by

|A14] = 2.16 MHz [126, 127, 128], whereas 5N isotopes show a two-fold hy-
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perfine splitting as they have a nuclear spin / = 1/2, separated by |A;5| = 3.05
MHz [32].

Figure 4.7 shows measured CWESR spectra of a substrate 14NV (a) and a
doped NV (b) centers. As expected, the substrate "NV center shows a three-
fold hyperfine splitting, while the doped "NV center shows a two-fold splitting.
The red curves in the figures are three- and two-Lorentzian fits, resulting in the
expected hyperfine splitting of ~ 3 MHz and ~ 2 MHz for the '*NV and PNV
centers, respectively.

This isotopic discrimination during the CWESR measurements provides a
reliable manner to identify doped >NV centers from substrate "NV centers,
which is routinely measured prior to any further spin manipulation measure-

ments with the doped NV centers.

4.7 Nanometer-scale depth confinement of doped

NV centers

Nanometer-scale hyperfine interactions between the doped NV center elec-
tronic spin and the carbon nuclear spins in the diamond crystal probes the depth
confinement of doped NV centers in an isotopically layered '3C/'2C/'3C sample
structure. In this section, experimental results demonstrating the depth disper-

sion of doped NV centers being less than + 4 nm are discussed. A model to
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Figure 4.8: Schematic of '3C/'2C/'3C isotopically layered sample structure. A N doped
layer of 2 nm thick is located at the center of a 15-nm-thick '>C-enriched layer. The black
curve shows measured '>C SIMS profile of the sample showing the '3C concentrations of each

isotopic layer. Original data presented in Ref. [120]

calculate a length scale of hyperfine coupling between an NV center spin and a

13C nuclear spin is also presented.

4.7.1 Sample structure

An isotopically layered sample consisting of a !3C buffer layer (37 nm) /
12C layer (15 nm) / 13C cap layer (144 nm) structure is grown on top of an elec-
tronic grade (100) diamond substrate. The carbon isotopic layers are continu-
ously grown by switching the source gases between ?CH, and '3CHy (99.99
%, from Cambridge Isotope Laboratories). The flow of each isotopic carbon
source gas is calibrated and nominally identical gas flows (0.1 sccm) are used.

A BN doped layer (2 nm, doped with a 10 sccm "N, flow) is formed at the
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center of the '>C layer. Figure 4.8 is a schematic of the sample structure, su-
perposed with a depth profile of the fraction of the '*C isotopes in diamond
measured by SIMS (black curve), showing that 3C is depleted in the '>C layer.
The thickness of the '2C layer is estimated by measuring the width of a layer

displaying '*C < 50 % in the SIMS scan.

4.7.2 Isotopic signatures in ESEEM

The depth dispersion of the NV centers originated from the N doped
layer is measured using nanometer-scale hyperfine interactions between an NV
center electronic spin and environmental nuclear spins. The hyperfine inter-
actions are measured by probing the electron spin echo envelope modulation
(ESEEM) [129] in the Hahn echo measurements, consisting of a microwave
pulse sequence of 7/2 — T — m — T — /2, where 7 is free precession time.

The hyperfine couplings of an N'V center spin with different nuclear species
result in different frequency components in the ESEEM. The coupling of a

doped NV center spin with its host !N nuclear spin induces modulations at

flSN

1SN corresponding to the "N Larmor precession frequencies de-

frequencies

pending on the NV center electronic spin state mg = 0 or +=1. For relatively weak

magnetic fields used in this study, f]N ~ 3 MHz is the hyperfine coupling fre-

quency, and f015N is proportional to the magnetic field component perpendicular

87



to the symmetry axis of an NV center [130]. In addition, a weak coupling of
a NV center spin to 'C nuclear spins induces the third frequency component
in the modulation, £!3¢, corresponding to the bare *C Larmor precession fre-
quency, which is proportional to the external magnetic field [57].

12C atoms do not produce modulations as '>C has no nuclear spin, nor does
the '“N nuclear spin since it has a large quadrupolar splitting [57].

Since NV center spins couple only to '3C nuclei within a few nanometer
distance [131], the ESEEM measurements provide a nanometer-precision probe
of the location of a doped NV center in the '>C layer sandwiched by the two 13C
layers, allowing for measuring depth dispersion of NV center originated from

the >N doped layer.

4.7.3 Experimental results

Figure 4.9(a) shows a Hahn echo result of a "NV center found ~ 15 um
deep in the substrate. A collapse-and-revival feature with a period of ~ 7 us
is an ESEEM due to coupling with an ensemble spins of '3C nuclei naturally
abundant (1.1 %) in the substrate. A '>C Larmor frequency of f13¢ = 145 + 1
kHz is extracted from the oscillation period , corresponding to an external field

of 136 + 1 G calculated using the '*C gyromagnetic ratio of 1.071 kHz/G [57].
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Figure 4.9: Hahn echo signal of (a) a substrate "NV center and (b) a doped >NV center. A red
curve in (b) is a fit according to an ESEEM model with two SN Larmor frequency components
fI5N and 13N depending on the electronic spins state of the NV center. Original data presented

in Ref. [120]

A Hahn echo result of a doped !NV center measured at the same magnetic
field is shown in Fig. 4.9(b), displaying an ESEEM pattern distinct from the
substrate "NV center. Two frequency components are extracted from the fit
(red curve), which are 3.15 £ 0.01 MHz and 179 + 3 kHz. These frequencies
are consistent with the N hyperfine coupling frequency ( fle ) and the PN
Larmor precession frequency ( f015N ) at 30 G of the perpendicular component of
the magnetic field, respectively. The errors in the frequencies are quoted at 95
% confidence. These frequencies are clearly different from £!3¢, and no trace
of oscillation indicative of a coupling with 13C nuclei is observed in the result.
Therefore, this doped >NV center must be well localized in the '>C layer, away

enough from the '3C layer.
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Figure 4.10: Hahn echo result of a doped >NV center, showing three frequency components
1N, £3°N and f13€ of ESEEM, indicative of coupling to '*C nuclear spins. Note that the
coupling to '3C results in collapse of the ESEEM pattern as apparent in the first 5 us of the

data.

4.7.4 Nanometer-scale depth dispersion of doped NV centers

Of 29 doped NV centers measured, 23 show no evidence of coupling to
13C nuclei and they must be located within the 1>C layer. A calculation model
(see next subsection) suggests that NV centers located more than ~ 2 nm away
from the !3C layer do not display detectable coupling to '3C nuclei. Assuming
a normal distribution for doped NV centers’ depth, and given 79 % (=23/29) of
doped NV centers showing no coupling to '3C nuclear spins, the depth disper-
sion of the doped NV centers is calculated to be 6 ~ 4 nm.

The remaining 6 doped NV centers display three frequency components

FEN, fI5N and £13€ of ESEEM in their Hahn echo result (Fig. 4.10), indicating
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coupling with '3C nuclear spins. However, the shortest 75 time of these NV
centers is 70 £ 10 us, while the other 5 show 7, > 250 us. Assuming that 7;
times are inversely proportional to the 13C concentration [27, 28], the expected
T, time for NV centers in the '3C-enriched layer (> 80 %) is ~ 8 us. The mea-
sured 75 times of the '3C-coupled doped NV centers are much longer than the
expected value for being in the '3C layer, and therefore, these doped NV centers
must also be located within the '2C layer. The observed !3C coupling is due to
the NV centers’ location in proximity to the '2C/!3C interface, or a coupling
to residual '>C atoms in the '>C layer. If latter is the case, these '3C-coupled
doped NV centers could also be well localized near the center of the >C layer,
and the depth dispersion could be as small as 2 nm, inferred from the thickness

of the 1°N doped layer.

4.7.5 Coupling length to !>C-enriched layers

In this subsection, a model to estimate the distance s between a NV cen-
ter and the 12C/!13C interface without detecting a '>C modulation signal is pre-
sented. Since NV centers are confined in the '?C-enriched layer of a fixed
thickness of 15 nm, a calculated distance s estimates the depth dispersion of
doped NV centers.

Assuming a nanometer-scale distance, the interaction between an NV cen-
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ter and an individual '3C nuclear spin is very weak and described by the follow-

ing Hamiltonian (7 = 1),
H = DS? + u.BS; + (1B +mA) -1, (4.5)

where D/2m = 2.88 GHz is the crystal field splitting, S (I) is the electron (nu-
clear) spin operator, U, (W,) is the electron (nuclear) magnetic moment, m; is
the electron spin state, B is the external magnetic field vector, and A is the hy-
perfine interaction vector.

The coupling between an NV center spin and each '3C nuclear spin pro-
duces ESEEM in the Hahn echo signal, and the modulation signal can be de-
scribed by a pseudo spin. For the j”* 13C nuclear spin, the pseudo spin can be

written as
$;(t) = 1—2C;sin? (7: £ r) sin? <7r fiﬂ) , (4.6)
where f,{ls is the 13C Larmor frequency due to an m,-dependent effective mag-

netic field,

B,, — B+ A, (4.7)
Ly

and Cj is the amplitude of the modulation,

B |B() X Bi1|2

Ci=—7r—7—-.
7 |Bo[?[Buy [?

(4.8)

Assuming the point-dipole approximation, the hyperfine field caused by the NV
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Figure 4.11: Schematic geometry of a NV center and a '3C nuclear spin considered in a model.
The origin is set at the NV center and a vector r is pointing to the '3C nuclear spin. A vector
Z is parallel to the NV center symmetry axis (// [111]), and 0 is the angle between r and 2.
Vectors A and B are the hyperfine and the external magnetic field respectively, and « is the
angle between the two. s is the distance between the NV center and the '>C/'*C interface.

Original data presented in Ref. [120]

center spin on the j nuclear spin is given by

Alr)) = %(Sf'cos 0; —2), 4.9)
J

where Ly is the vacuum permeability, r; is the displacement vector from the
NV center to the jth nucleus, F (Z) is the unit vector in the r; direction (NV
center symmetry axis) and 0; is the angle between F and Z (see Fig. 4.11). The
point-dipole approximation will be ultimately justified by the conclusion that
r >~ 2 nm. Using the '3C gyromagnetic ratio (u, /27 = 10.705 MHz/T), |A| is
estimated to be ~ 2.5 kHz for r =2 nm and u,,B = 145 kHz at the experimental

condition of B = 136 G, satisfying a condition that u,B > |A|. Then, Equations
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(4.7) and (4.6) can be approximated as
Si(t) =~ 1-2C;sin* (nfi7), (4.6")
[Bo| ~ [Bi| ~ B, 4.7)

where f is the '*C Larmor frequency at the magnetic field calculated by f; =

1.071 (kHz/G) x B(G). Under this approximation,

|A(r;)|?sin®(at;)
u;B?

Cj~

2
Holln e 2 A A A AN\2
= 3cos“0;+1—(3cosOit;j-e—72-€&)°|, 4.10
(47rr§B> [ J ( i ) } (4.10)
where a; is an angle between A(r;) and B = Bé (see Fig. 4.11). Note that the

following equation is used to derive this equation,

1 1 1
By x By =B x (B+—A) = —B x A = —B|Alsina. 4.11)
In Iin Iy

If the magnetic angle is applied parallel to the NV center symmetry axis, €||Z,

Equation (4.10) can be simplified to

2
Suotte .
Cj:< Hol ) sin?(26)). (4.12)

SJW?B

The total modulation due to an ensemble of '3C nuclear spins (neglecting the

decoherence decay) can be written as

Sparn(7) = J(1-2Cj) ~1-2) C;, (4.13)
J J
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to lowest order with C; < 1. Hence Sp,,(7) can be approximated as
Span(1) 2 1-2 [ aVa(x)C(r) = 1= Cpa (4.14)

where n(r) is the density distribution of 13C nucleus and Cpy,, is the total con-
trast of the ESEEM due to an ensemble '*C nuclear spin. Assuming a uniform
13C distribution,

n(r) = xno, (4.15)

where ng = 176 nm 3 is the carbon atomic density in diamond, and x is the
concentration of 13C (x = 0.011 for the natural '3C abundance).
From Equation (4.12), the individual 13C contribution to the ESEEM can

be simply written as

C(r,0) = com—? (6 9), (4.16)
r
where
3uope
= . 4.17
<0 ( 8B ) ( )

The ESEEM contrast from an ensemble '2C nuclear spins in a shell with r > rg

is given by

Cshert (ro) = Z/an(r)C(r)

2 o T oin2 2
— 2xn0c / dg / / SI(28) 2 G 0doar
0 o 0 r

64mxnocy

4.18
45r (19
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From this equation, the critical coupling distance r. can be calculated, beyond

which the ensemble signal of '3C nuclear spin is negligible. That is,

1/3
o ()"
where Cp;y, 1s the minimum detectable contrast. Plugging in the magnetic field
B = 136 G for Equation (4.17), co = 0.01 nm®. Assuming the experimentally
observable contrast of C,;,;, ~ 10 % and using the natural 13C abundance of x =
0.011, Equation (4.19) implies r. = 1.0 nm, which is consistent with previous
studies in Ref [131]. In a case of a 13C-enriched matrix, r, is increased by a
factor of (x/Xuq)'/3, up to 4.3 nm for x = 1.

This consideration can be applied to the '*C/'2C/!3C isotopically layered
structure. The minimum distance s between an NV center spin in the '>C layer
and an interface of '>C/!3C layers without detecting the 1*C ESEEM signals is
calculated. For simplicity, and since the coupling is dominated by the closest
13C nuclear spins to the NV center, C(r,0) ~ C(r, 6), where 8 = 54.7° is the
angle between the NV center symmetry axis (/[111]) and the axis normal to the
layers (/[100]). The ESEEM contrast from an ensemble of nuclear spins in the

13C-enriched layer (r > s) can be derived by modifying Equation (4.18) using

a spherical coordinate system of (r,¢’,0’), where 0’ is an angle relative to the
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[100] axis, (see Fig. 4.11)

Clayer(s) =2 / dVn(r)C(r)

2n o rcos (s/r) qin2 26,
~ 2xm0c / dg’ / / ST (28) 2 G o' a6 ar
0 s JO r

|
= 4xngycy sin2(290)/ 7 (l — f) dr
r

N

— Y00 Gn2(260). (4.20)

3
Hence, the minimum distance for the negligible '3C contribution to the ESEEM

can be calculated by

TXnoco . o 1/3
=136 sin“(26y) . (4.21)

min
Again, assuming the minimum detectable contrast of Cy,;;, ~ 10 % and using the
measured '3C concentration x = 0.8 in the '3C-enriched layer, Equation (4.21)
implies that s = 2.4 nm.

This result implies that 23/29 =79 % of the measured NV centers are local-
ized around the center of the !>C layer (thickness: 15 nm) and they are at least
2.4 nm away from the '>C/!3C layer interface in order to display no measur-
able ESEEM signal due to '3C nuclear spins. Assuming a normal distribution
for NV centers’ depth, the depth dispersion of the doped NV center ¢ can be

calculated as
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_ (15/2-2.4)nm
o= Vaerf—1(23/29) =4.1nm. (4.22)

As discussed at the end of the previous subsection, the '3C ESEEM signals
detected by the 6 doped NV centers could be due to coupling to residual 13C
nuclear spins in the !2C-enriched layer, suggesting that the depth dispersion

could be as small as 2 nm implied by the thickness of the "N doped layer.

4.8 Spin coherence properties of shallowly doped

NV centers

4.8.1 Sample structure

In order to investigate spin coherence properties of shallowly doped NV
centers, four samples each containing a single '’N doped layer at various depths
(5 — 103 nm) are grown. The sample structure, as schematically shown in Fig.
4.12, consists of a '>C buffer layer of 32 4= 12 nm, a >N doped layer (thick-
ness: 1) and a '2C cap layer of thickness ¢ = 4 — 100 nm. The average doped
NV center depths d = ¢ +1/2 of the four grown samples are 5.1 + 2.6, 21.0 £+
8.7, 52 £ 21, and 103 £ 41 nm, respectively. The film thicknesses and their
uncertainties are estimated by the calibrated growth rate from the SIMS mea-

surements. For the samples with d > 20 nm, the thickness of the "N doped
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Figure 4.12: Schematic of a delta-doped sample structure. A PECVD-grown film is represented
in blue and a N doped layer is in red. Four samples with various depths d of the '’N doped

layer (d = 5 — 103 nm) are grown by varying the thickness of a '>C cap layer.

layer is t = 1.340.5 nm using a 10 sccm SN, gas flow, whereas for the d = 5
nm sample, t = 2.0 £ 0.8 nm with a 30 sccm 5N, gas flow. The increased
doping gas flow and the doped layer thickness presumably help increasing the
chance to find doped NV centers in the very shallow regime (see Section 4.8.5).
All the samples have a '?C diamond matrix in order to mitigate spin decoher-

ence of NV centers caused by '>C nuclear spin fluctuations [26].

4.8.2 Hahn echo measurements

A schematic of the Hahn echo measurement sequence is shown in Fig.
4.13 [20]. The NV center electronic spin is initialized to the mg = O state with
the 532 nm green laser excitation for ~ 1 us. Then, the superposition state
(|ms = 0)+|my = £1))/+/2 is prepared by applying a /2 pulse. After a free
evolution time 7, a 7 pulse is applied to flip the direction of the spin evolution,
followed by another free evolution time 7. In this way, the magnetic fluctuations

whose time scale is slower than 7 is cancelled out [20]. The phase of the spin
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Figure 4.13: Schematic of Hahn echo pulse sequence. Original data presented in Ref. [120]

after a total evolution time of 27 is projected to the population of my; =0 and +1
states by applying a 7/2 pulse, which is measured by the photoluminescence
(PL) intensity from the NV center.

Some data are taken by the differential measurements, in which two iden-
tical pulse sequences are run in a one measurement cycle besides a -(7/2) in-
stead of (7/2) pulse is applied at the end of the second sequence. The data in
each sequence is recorded and the difference between the spin populations of
myg = +1 states is plotted. The differential measurement makes signal more tol-
erant to the background noise and also helps determining the full decay point as
the data should be converged to the zero difference at long 7.

The NV center PL is detected by an avalanche photodiode (APD) typi-
cally for 400 ns detection window while illuminating the green laser. The pulse

sequence is repeated many times to accumulate the signal while sweeping the
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total evolution time 27.

Fits to the Hahn echo decay curve reveals the spin coherence time 75> of
the NV center. Many recent studies report that the spin coherence time of NV
centers can be extended via dynamical decoupling techniques with increasing
the number of 7 pulses (V) applied during the total evolution time [29, 30, 31].
Still, the Hahn echo 75 times provide a good probe of the materials quality as
they are the simplest case N = 1 of the dynamical decoupling technique, which

set the lower limit of the spin coherence time.

4.8.3 Hahn echo measurements for doped NV centers

(“node” method)

One complexity of the Hahn measurements in the nitrogen-doped samples
is the ESEEM caused by coupling to the >N nuclear spin. The faster frequency
component of ESEEM, fle ~3 MHz, is undersampled with a measurement
time step much longer than 1 us, necessary when the total evolution time 27
is extended up to several hundreds of microseconds in order to measure 75.
In order to get around this undersampling issue, a “node” technique presented
below is developed.

The Hahn echo signal p(7), measuring the probability that the NV center

electronic spin is in the mg = O state at the end of the sequence, can be described
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as

1+8
p(t)= +2 W, (4.23)

where S(t) € [0,1] is the pseudo spin, which measures the coherence of the
electronic spin. In the case of NV centers only coupled to a !N nuclear spin,
S(7) can be written as a product of the pseudo spin for the >N nuclear spin

S15n(7) and a dephasing term D(7),
S(t) = S1sw(7)D(7), (4.24)

where

D(t) = exp [— (%)2] . (4.25)

The power factor n depends on the mechanism of the doped NV center spin
decoherence. Since the decoherence mechanism of the doped NV center is not
well understood,  is left to be a fitting parameter.

S1sn(7) describes the ESEEM due to interaction with the >N nuclear spin,
S1sy(7) = 1 —2Csin (n 15N r) sin’ (n 1SN r) , (4.26)

where C is a constant related to the effective magnetic field vector B,,; depend-

ing on the NV center spin state

. ‘B() X B4 |2

=il
IBo|?[B|?

(4.27)
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Figure 4.14: (a) Hahn echo signal of a doped "NV center at depth d = 21 nm for free evolution
time 7 between 0 — 10 us with a 25 ns measurement time step. The red curve is a fit to data,
from which a node period 1/ fol SN = 6.17 us is extracted. (b) Hahn echo decay curve of the same
NV center measured in a 27 = 12.34 us time step up to 27 ~ 1 ms. The black curve is a fit to the
data, from which spin coherence times 7, = 415 £ 43 us is measured. Original data presented

in Ref. [120]

and f015N ( fle ) are the Larmor precession frequency of the >N nuclear spin

when the NV center electronic spin states are in my; = 0 (+=1). Although the hy-

flSN 15N

perfine coupling frequency f17" is a constant value at 3 MHz, f;°"is typically

on the order of ~ 100 kHz much slower than fle , and moreover, f015N is ex-
perimentally controllable as it is proportional to the magnetic field component
perpendicular to the NV center symmetry axis.

When 7 is equal to a multiple of 1/ fO'5N , the Equation (4.26) simply re-

duces to Sysy(7) = 1. Under such condition, S(7) = D(7), allowing for a direct

measurement of 7. Figure 4.14(a) shows a Hahn echo result of one of the doped
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NV centers from the d = 21 nm sample. The data is taken in 25 ns time steps
of the spin evolution time 7 from 0 to 10 us, displaying the characteristic >N
ESEEM. The modulation pattern is fitted by Equation (4.26) (red curve) and the
“node” position where 79 = 1/ fo1 SN is extracted from this fit. In order to measure
the 7; time, the Hahn echo measurement is extended up to a total evolution time
of 27 ~ 1 ms as shown in Fig. 4.14(b) with the time step a multiple of 7y (in this
case, 279 = 12.34 us). It should be noted that all the measurement conditions
should be kept as same for the two Hahn echo measurements of different time
scale, as f015N is sensitive to the perpendicular component of the external mag-
netic field and thus the position of the magnet. Figure 4.14(b) shows a vanished
ESEEM pattern via the “node” method, and a fit to the Hahn echo decay data
(black curve) gives a direct measurement of 75, which is 415 4 43 us in this
specific case.

A precise measurement of the node position is critical as an error in the es-
timation of the node position is accumulated when the total measurement time
is extended, resulting in an unwanted ESEEM beating occurring again. By
measuring and fitting several nodes with T up to several tens of microseconds,
the node position can be more precisely measured. Measuring ESEEM beating

away from 7 =0 (e.g. 50 us < 7 < 60 us) also helps reducing the error, as the

errors are accumulated after several nodes.
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All the Hahn echo data for the 7, measurement shown in this chapter (also
in Chapter 6) are taken by this “node” method. Another way to get around the
ISN ESEEM beating is to align the magnetic field perfectly along the NV center
symmetry axis. f(} N becomes smaller as the external field close to aligned with
the NV center axis, and finally, C = 0 when it is perfectly aligned (see Equa-
tion (4.27)), also leading to Sysy(7) = 1. This method has an advantage that
an arbitrary free evolution time (7) can be chosen for measurements, while the
“node” method is constrained to a multiple of 1/ fOISN . This requirement con-
strains some quantum metrology measurements, and in such a case, magnetic
field has to be perfectly aligned. The Hahn echo data shown in Chapter 5 is

taken by this magnet-alignment method.

4.8.4 Spin coherence times of doped NV centers

Spin coherence times of doped NV centers are measured using Hahn echo
sequences. Figure 4.15 shows Hahn echo decay curves of NV centers from the
d =5 nm (a) and 52 nm (b) samples, respectively. Each decay curve is fitted by

a following equation,

F(1) =Apexp [— <2Fz) } + Yo, (4.28)

where the amplitude Ag, the base line yg, as well as the power factor n are left

to be fitting parameters. Despite proximity to the surface, several NV centers
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Figure 4.15: Hahn echo signal of a doped NV center at depths d = 5 (a) and 52 (b) nm. The
black curves are fits of the form Agexp[— (27/72)"] +yo. Uncertainties in T are quoted in 95

% confidence. Original data presented in Ref. [120]

in the 5 nm sample show 7> > 100 us, which is about an order of magnitude
improvement compared to the ion implantation technique [34]. The 75 times of
the doped NV centers are as long as > 600 us for a deeper sample at d = 52
nm.

T; results of total 16 doped NV centers from the four samples (d =5 — 103
nm) are summarized in Fig. 4.16. All of the measured NV centers show long
T> times on the order of hundreds of microseconds. Moreover, the 75 results
are consistent and reproducible in each sample, unlike the implanted samples
showing wide deviation of 7, results [34]. Doped NV centers in the deep sam-

ples (d > 50 nm) show saturating 75 ~ 700 us whereas shallower samples show
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Figure 4.16: Summary of 7> data of 16 doped NV centers from four different samples with
various depths d = 5(red), 21(blue), 52(green), and 103(orange) nm. A N, doping gas flow of
30 sccm is used for the d = 5 nm sample, and 10 sccm for the other three samples. Uncertainties

in 75 are quoted in 95 % confidence. Original data presented in Ref. [120]

shorter 7, when d < 21 nm, suggesting that surface effects degrade the spin co-
herence of shallow NV centers [132].

Since 13C nuclear spins are depleted in the '>C diamond grown film, the
primary factor limiting the spin coherence of deeper NV centers are likely the
residual nitrogen dopants that do not turn into NV centers. According to Ref.
[23], T; times of NV centers are inversely proportional to the nitrogen (P1 cen-
ter) concentration in diamond crystal, and they measure 7> ~ 30 us for the 1
ppm nitrogen concentration (1.8 x 10'7 cm™3). Assuming nitrogen is the only
source of decoherence for NV centers, the estimated 7; time for the nitrogen
concentration of the doped layer (0.8 x 10'6 cm™3) is ~ 675 us, which is con-

sistent with the measured 7; times for the deeper doped NV centers, supporting

107



14

10 T T L L L
o )
= 10
o
2>
2
@ 12
2 0y N, flow
z ® 10 sccm

[ ® 30 sccm
11
10 L L

0 20 40 60 80 100
NV depth d (nm)

Figure 4.17: Doped NV density as a function of depth. Data in red are samples doped with
10 sccm PN, flow, and blue is with 30 sccm. Since no doped NV centers are found in the

shallowest two samples with 10 sccm >N, flow, the upper limit of the NV density is shown for

each sample.
the assumption that nitrogen is the primary decoherence source.

4.8.5 Doped NV density

Shallowly doped samples display very low doped NV density as shown in
Fig. 4.17 plotting the measured doped NV density as a function of the NV cen-
ter depth. The data points in red are for the 10-sccm doped samples, and blue
is for the 30-sccm doped sample. The doped NV density is computed by the
average number of NV centers found per scanned area assuming the thickness
of the >N doped layer (1.3 or 2 nm). For a series of 10-sccm doped samples,

the doped NV density is consistent at (2 —3) x 10'3 cm =3 for d > 50 nm, while
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it decreases by an order of magnitude in the d = 21 nm sample (~ 2 x 10'?
cm~3) with further decrease in the d = 5 and 9 nm samples. For the two shal-
lowest samples (d < 10 nm), the doped NV density is too low that no doped
NV centers are found over the scanned areas. The reduction of the density for
shallow NV centers may be explained by annihilation of mobile vacancies at
the surface, or the surface charge potential preventing vacancies from diffusing
to form NV centers.

Another sample is grown to dope at d = 5 nm with an increased "N, dop-
ing gas flow of 30 sccm resulting in a doped NV density of 6 x 102 cm™3.
The increased doped NV density is presumably due to the increased nitrogen
incorporation with larger 1N, flow (see Section 4.4.2). However, later stud-
ies discussed in Chapter 6 reveal that the nitrogen incorporation is weakly de-
pendent on the N, doping gas flow. Other effects such as substrate quality
variation and the surface miscut angle could also affect the nitrogen incorpora-
tion and hence NV density. The relationship between doping gas flow and the

NV density is still unclear and more study is necessary to fully understand its

mechanism.

4.9 Sensitivity calculations of doped NV centers

In order to motivate using shallowly doped NV centers for external spin
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sensing applications, the external spin sensitivity is calculated using measured
parameters of doped NV centers.

Assuming that the external spin can be initialized and driven resonantly
at their Larmor frequency v, the ac sensing schemes as described in Ref. [39,
40, 133] can be applied. These schemes are adopted for shallowly doped NV

centers. The ac magnetic sensitivity is given by the following equation,

B Th
glpCV/27F (1)’

where 7 is the reduced Planck’s constant, g ~ 2 is the electron g-factor, up is
the Bohr magneton, C is the parameter estimating the measurement efficiency
of the NV center spin readout, 27 is the total spin evolution time, F(7) is the
envelope function of the spin echo decay curve.

In the ac magnetic sensing schemes, the external spin precession period
1/v has to coincide with 27 in order to make a positive phase accumulation of
the probe NV center spin for the two halves of the total free evolution times.
Since spin initialization and read out time 7,, ~ 2 us is much shorter than the
free evolution time 7,

1
Tn+2T~2T= v (4.30)

For the doped ISN'V center in the '2C diamond matrix, the ESEEM due to
coupling to the 1N nuclear spin has to be taken into account, which obscures

the spin signal from the external spin. In order to get around the '>’N ESEEM,
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the free evolution time 7 has to be a multiple of 1/ f(}SN (see Section 4.8.3),
which together with Equation (4.30) leads to

m 1

TS T gy

(4.31)

where m is an integer and f35N is the “node” frequency. For these discrete

numbers of T satisfying Equation (4.31), the ’N ESEEM beating vanishes and

the envelope function of the echo decay curve is simply written as

ro-ew]- (2], wm

2
The best sensitivity is acquired when v/27F (1) (see Equation (4.29)) is max-
imized. For the doped NV centers in the d = 5 and 21 nm samples, the ex-

f015N are plugged in to Equation (4.31) to compute 7 and

perimental values of
v, which are further used to calculate the maximum value of v/27F (). For
the d = 5 nm sample as an example, v/27F (1) is maximized with experimental
parameters of T» = 187 us, n = 2.442 and fJ°" = 95.4 kHz, along with the
calculated ac field frequency of v = 9.54 kHz.

The C parameter (C < 1) estimates the measurement efficiency constrained

by the PL contrast between m; = 0 and +£1 states, which can be written as [40]

—1
c— {\/Hzmal—ﬂlgal | (433)
(ap—a1)

where the ag and a; are the photon counts for the my = 0 and 41 states in a sin-

gle measurement duty cycle. For the doped NV center in the d = 5 nm sample,
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Figure 4.18: Schematic geometry of a NV center and an external target spin. The origin is
set at the NV center and a vector r points from the NV center to the external spin m in the
x —z plane. The NV center symmetric axis is Z and the angle between r and 2 is 6. The angle
between m and the external magnetic field vector B,y is . B(r) is the magnetic field caused

by the external spin at the location of the NV center.

the experimental values are ay = 0.0056 and a; = 0.0038, leading to C = 0.013.
For a current measurement setup, the average number of photons detected dur-
ing the spin readout window of ~ 400 ns is much less than 1, and therefore the
readout sensitivity is limited by the photon shot noise. C could be improved by
increasing the photon collection efficiency using oil immersion lenses, photonic
cavities, or solid immersion lenses.

By plugging in all the experimental parameters into Equation (4.29), a field
sensitivity is calculated to be 172 n'T/ \/E for a NV center in the d = 5 nm sam-
ple.

In order to convert the magnetic field sensitivity to the external spin sensi-
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tivity, a magnetic field generated by an external dipole m at the location of NV
center is calculated. A schematic of the external and NV center spins as well
as the coordination system is shown in Fig. 4.18. Define a vector r connecting
from the NV center to the external spin dipole, and Z parallel to the NV center

symmetry axis along [111] direction. Assuming r is in the x-z plane, making an
sin@
angle 0 to Z, leading tor = r . The magnetic dipole of the external
cos6
spin, m, is assumed to be parallel to the external magnetic field, B,,;, which can
sinQ
be written as m = m , where « is an angle between B,,; and Z. The
cosQ
magnetic field generated by the external spin dipole at the position of the NV

center is given by

B(r) = Z(;—rn; [3r (m-r) — mr?]

Lom (3cosOsinB)cos o+ (3sin® @ — 1)sina

 4xp3

(4.34)
(3cos?8 —1)cos + (3cos O sin ) sin o

For small values of B, (relative to the NV center zero field splitting D/27w ~
2.88 GHz), the NV center is sensitive to the projection of the dipole magnetic

field along the NV center symmetry axis parallel to Z, given by

I Z(;n; [(3cos?6 —1)cos o+ (3cos Osin@) sinct] . (4.35)
;
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Figure 4.19: Calculated dipole sensitivity as a function of target-NV center distance. The result
for a NV center at d = 5 (21) nm is represented by a red dash-dot (blue solid) curve. Magnetic
dipole of a single electron and proton spin is also shown in the figure for comparison. (inset)
Schematic geometry of a NV center (depth: d) and an external spin. A vector r points from the
NV center to the external spin and 0 is the angle between r and the NV center symmetric axis.

The dashed curve is an iso-sensitivity contour. Original data presented in Ref. [120]

For fixed 0, B, takes the maximum value of

B, = 2"\ /3c0s20+ 1, (4.36)

Amr

when the external field B,,, is applied at the angle o such that tan o = (3cos 0sin6)/
(3cos? @ — 1). Combining Equations (4.29) and (4.36) gives an external mag-
netic dipole sensitivity,

th Amr3

m r76 - * .
(7 0) gupCV2TF (1) Hov/3cos26 + 1

(4.37)

Figure 4.19 plots the dipole sensitivity (which is equivalent to the minimum de-

tectable dipole moment for 1 second averaging) represented by Equation (4.37)
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as a function of distance from the NV center r. The plots are calculated for
the longest spin coherence NV centers in the d = 5 (red, dash-dot curve) and
21 (blue, solid curve) nm samples, respectively, by plugging in the experimen-
tal values for C, 7, and F(7), as well as an optimized value of v. Assuming
that the external spin is located straight above the NV center, 0 is fixed to be
54.7°, an angle between the NV center symmetry axis (// [111]) and the axis
normal to the sample surface (// [100]). Also plotted (as dotted lines) in the
figure are the magnetic dipole of a single electron spin and a single proton spin.
The calculated results suggest that a single electron spin within ~ 15 nm of the
surface can be detected by the doped NV center 5 nm below the surface with
only 1 second averaging. Moreover, it could detect a single proton spin with 1
minute averaging. Even though the NV centers in the d = 5 nm sample shows
shorter 7>, it shows a sensitivity two orders of magnitude better than that in the
d = 21 nm sample. This is because of the proximity enhancement effect scaled
as distance r by 1/r3, motivating to create shallow NV centers for external spin
sensing applications.

The inset of the Fig. 4.19 plots the iso-sensitivity contour (dotted line)

given by

47 By

1/3
Fiso(6) = (“Om V/3cos2 0 + 1) . (4.38)

The asymmetric shape of the contour reflects the NV center symmetric axis
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tilted by 54.7° from the [100] direction.

Considering Equation (4.37), several improvements can be made to achieve
better sensitivity. An increase of photon collection efficiency via an oil immer-
sion lens or a high NA objective can improve the C parameter up to ~ 0.05
[40], a factor of five improvement compared to the current measurement setup.
The spin coherence factor v/2TF (t) can be improved by using the dynamical
decoupling techniques to extend the spin coherence times of NV centers. Plac-
ing NV centers even close to the surface gains the sensitivity through the 1/3
factor. Additional improvement by a factor of /2 can be made by growing on
top of (111) substrates. Each parameter should be considered well and some or
all of these improvements should be combined in order to further improve the

external spin sensitivity of shallowly doped NV centers.

4.10 Conclusion and outlook

The nitrogen delta-doping technique is discussed as a means to engineer
NV centers near the surface. "N, source gas is briefly introduced into the
growth chamber with the controlled timing and duration, forming a nitrogen
doped layer that defines the depth of NV centers. Vacancies are created dur-
ing the post growth process and a subsequent annealing diffuses them to form

NV centers. Doped SNV centers are discriminated from substrate *NV cen-
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ters by measuring the hyperfine coupling with the host nitrogen nuclear spin
during CWESR measurements. The nanometer-scale hyperfine coupling to the
environmental '>C nuclear spins is used to confirm the nanometer-scale depth
confinement of doped NV centers. Finally, despite proximity to the surface, the
shallowly doped NV centers display long spin coherence times 7> > 100 (600)
us at depth d =5 (52) nm.

A sensitivity calculation shows that the shallow NV centers with long spin
coherence times are advantageous for sensing electron/proton spins external to
the diamond crystal. Applications of the delta-doped materials for external nu-
clear spin sensing will be intensively explored in the next chapter.

Also, the nitrogen delta-doping technique allows for a separate creation of
nitrogen and vacancies, opening up a degree of freedom for vacancy engineer-
ing. The ability to control NV center density and three-dimensional position
control of single NV centers via vacancy engineering will be discussed in Chap-
ter 6.

The spin coherence properties of NV centers are degraded as the doped NV
centers are created closer to the surface, suggesting that the surface spins are
major source of decoherence for shallow NV centers. To understand the origin
and the mechanism of the surface spins is very important as it provides direc-

tions to improve external spin sensitivity. Also, the emergence of nanometer-
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scale engineering of diamond structures demonstrates the enhancement of NV
center functionalities. Eventually, the delta-doped diamond materials will be
incorporated into the diamond-based nanostructures in order to combine the ad-
vantages of both technologies. Preliminary results in this direction are presented
in Chapter 7.

Finally, a continuous improvement of the delta-doping technique is still
very important. Although spin coherence and density results of the doped NV
centers are statistically consistent, they always show deviations since the dia-
mond film growth and the defects creation processes are very sensitive to the
details of process parameters. Some parameters can be controlled but others,
such as substrate quality variations, cannot. There might be more optimized
process parameters to achieve better NV center properties, i.e. longer spin co-
herence times, higher NV density, etc. Engineering efforts are necessary to
handle details of the process parameters in order to achieve even more repro-
ducible and better results, which is a key to open up practical applications of

NV centers.
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Chapter 5

Nanometer-scale nuclear magnetic

resonance (nanoNMR)

5.1 Introduction

Magnetic resonance imaging (MRI) is a powerful technique that nonde-
structively visualizes three-dimensional (3D) structures inside a human body,
which is widely used as a medical diagnostic tool in modern hospitals [134].
The MRI technique detects magnetic signals from nuclear spins while its spa-
tial information is encoded by the magnetic field gradient that resonantly excites
nuclear spins at specific positions. Although a typical spatial resolution in the
clinical use for whole-body imaging is a millimeter scale, a sub-millimeter-
scale MRI [135] opened up biological applications of the MRI technique as

its length scale is comparable to cells whose size are typically on the order of
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~ 100 um. A gradual improvement in the spatial resolution of conventional
“induction-coupling” detection in MRI has been made through increasing re-
ceiver sensitivity via micro coils [136], using higher magnetic field gradient
[137] and a use of dynamic nuclear polarization (DNP) [138], pushing the sen-
sitivity down to ~(3 um)? [137].

Although a moderate estimation of the resolution limit of the conventional
MRI technique is ~(1 wm)? assuming a reasonable field gradient and an acqui-
sition time [139], there is a continuously increasing desire for pushing this reso-
lution limit down to a nanometer-scale, the size comparable to macromolecules.
A strong motivation for the nanometer-scale MRI, or the “nanoMRI” is to im-
age 3D structures of proteins, which remains an outstanding challenge in the
modern structural biology [140]. The 3D structures of proteins are the origin
of their functionalities, which are determined by either a nuclear magnetic res-
onance (NMR) or an x-ray diffraction (XRD) technique. However, the NMR
technique is applicable only to the proteins of small sizes. Moreover, the struc-
ture determination using XRD requires crystallization of the target molecules,
which is usually very challenging limiting choice of proteins. Given these lim-
itations of the standard techniques, the nanoMRI possesses a potential of being
a complementary technique for the structure determination of certain types of

proteins.

120



An ultimate resolution of MRI, and also NMR, is limited by a small mag-
netic signal of nuclear spins. Both techniques detect difference in spin pop-
ulations of different orientations, which follows a Boltzmann distribution and

hence a fraction of the population difference can be written as

AN AE
~ 5.1
N kT .1
where kp is the Boltzmann’s constant, T is temperature, and AE is the energy

difference between the two spin states due to the Zeeman splitting,
AE = yhB, (5.2)

where 7y is the gyromagnetic ratio, 7/ is the reduced Planck’s constant, and
B is the external magnetic field. Plugging in representative numbers of y =
27 x 42.576 MHz/T (gyromagnetic ratio of 'H nuclear spins), T = 300 K
and B =11.75 T (used in conventional 500 MHz NMR) results in AN/N =
8.0 x 107>, suggesting that only a small fraction of the total nuclear spins in the
sample is used for the signal detection, requiring a volume of the sample ulti-
mately limiting the spatial resolution. This constraint is inherent as far as the
detection scheme relies on the photon irradiation corresponding to the Zeeman
splitting AE, motivating alternative approaches for the nuclear spin sensing.
Among many schemes proposed and demonstrated, including techniques

based on a superconducting quantum interference device (SQUID) [142] and a
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Figure 5.1: Schematic of magnetic resonance force microscopy (MRFM). A sample is attached
at the end of an ultrasensitive cantilever. The magnetic interaction between spins in the sample
and a magnetic tip causes small vibration of the cantilever, which is sensed by laser interferom-
eter. Only spins in a small volume of the sample intersecting a resonant slice, which is defined
by the external field and the magnetic tip, are excited by the RF magnetic field generated by the
current through microwire. Three-dimensional spatial information is encoded by scanning the

cantilever. Original data presented in Ref. [141].

micrometer-size Hall sensor [143], magnetic resonance force microscopy (MRF-
M) stands out because of its recently demonstrated spatial resolution < 10 nm
and compatibility with a biological sample [141]. MRFM [144] detects tiny vi-
bration of an ultra-sensitive cantilever caused by a magnetic interaction between
spins in the sample attached to the cantilever and a separate magnetic tip (Fig.
5.1). Only spins in the sample intersecting a resonant slice, which is defined by
the magnetic tip and a static external field, are excited by the RF microwave gen-
erated by the current through microwire. The spatial information is acquired by
scanning the cantilever in the three-dimensional directions. The recent achieve-

ments using MRFM include detection of a single electron spin [145], elemental
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selectivity of nuclear species ("H, 13C and 3'P) in organic materials [146], and
3D imaging of a biological sample with a spatial resolution < 10 nm [141].
Although the MRFM-based MRI technique sets important milestones for the
nanoMRI, a major drawback is that it requires an ultra high vacuum (UHV) and
a cryogenic temperature less than a few K down to hundreds of millikelvins, in
order to reduce thermal noise of the cantilever. Since most of the biological and
chemical researches are conducted at ambient conditions, it is highly desired to
build a nanoMRI technique that can be operated at room temperature.

The NV center holds a promise as a candidate for the room-temperature
nanoMRI. As discussed in the previous chapter (Section 4.9), NV centers lo-
cated very close to the surface can display magnetic sensitivity capable of de-
tecting a single proton spin on the surface. The goal of this chapter is to present
a nanometer-scale detection scheme of an ensemble nuclear spin signal using
a shallow single NV center as a spin probe [102]. This nanometer-scale NMR
(nanoNMR) is a first important step for the NV-based nanoMRI that can be

operated at room temperature.

5.2 Background

5.2.1 Sample preparation

Although several groups used a single NV center to detect spin signals
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Figure 5.2: Schematic of the sample structure. The sample has a single nitrogen delta-doped
layer at 20 nm from the surface. The sample surface is spin coated with organic polymer,

PMMA, containing protons of a density of py = 57 nm™3.

from an ensemble [57] and a single nuclear spin(s) [147, 148, 149] within a
diamond crystal, the nanoNMR scheme requires detection of nuclear spins ex-
ternal to the diamond. This requirement demands to create a single NV center in
a nanometer-proximity from the surface while maintaining its spin coherence,
and therefore, a sample is grown using the nitrogen delta-doping technique.
The sample contains a single 1.3-nm-thick "N doped layer 20 nm deep
from the surface (Fig. 5.2). The "N, doping gas flow is 10 sccm, and the entire
diamond film consists of '>C matrix, grown on top of an electronic-grade (100)
diamond substrate from Element 6. See Section 4.4.1 for detailed growth con-
ditions. After growth, the sample is electron irradiated at 2 MeV with a dose
of 10'* cm~2 to create vacancies, which diffuse to form NV centers during a
subsequent annealing process at 850 °C for 2 hours in a Hy/Ar forming gas at-

mosphere. The sample is then treated in a perchloric acid process to make the
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Figure 5.3: Hahn echo decay curve for the NV center used in the measurements, displaying
spin coherence time 75, = 606 us. The figure plots normalized spin echo amplitude &y(7) as a

function of total echo time 7. Original data presented in Ref. [102].

surface oxidized and to remove a graphitic layer. Finally, a 4 ym wide, 140 nm
thick gold microwire is patterned using electron-beam lithography and lift-off
in order to generate RF and microwave magnetic field to manipulate nuclear
and NV center electronic spins.

One of the doped, single NV centers is used as a probe of the nuclear
spin signal, which displays a spin coherence time 75, = 606 s measured by a
Hahn echo sequence. A resulting Hahn decay curve along with a fit to a form
of §y(t) = exp[—(t/T»)"] is shown in Fig. 5.3, where n is a power factor fitted
to be 2.17. Note that the data does not show ESEEM induced by the hyperfine
coupling with a host >N nuclear spin as the external magnetic field is aligned

within 0.25° from the N'V center symmetry axis (see Section 4.8.3).

125



The target spins are 'H nuclear (proton) spins within organic polymer
poly(methyl methacrylate), or PMMA (molecular weight of 950k, from Mi-
croChem Corp.), which is dissolved in methyl isobutyl ketone (MIBK) with 2
% by weight and spin-coated on the diamond sample at 5000 rpm (Fig. 5.2).
The polymer film is baked in a vacuum oven for 2 hours at 115 °C in a flow-
ing nitrogen atmosphere of 100 mTorr. The thickness of the PMMA layer is
not measured specifically on the diamond sample, however, it is estimated to
be ~ 60 nm based on a similar film prepared on a silicon wafer. The proton
density in the polymer layer is estimated to be py ~ 57 nm—>. On the course
of measurements, the photon count of a single NV center gradually increases
from ~ 25 kilo counts per second (kcps) to ~ 80 kcps due to slow migration of
PMMA forming a micro lens, which is also observed by an optical microscope
after the measurement. Although origin and mechanism of this PMMA migra-
tion is unclear, the NV center photon count returns to ~ 25 kcps after removal
of the PMMA layer.

All the measurements are carried out using a home-built confocal micro-
scope setup similar to the one described in Section 4.5.1, using an x100 ob-
jective lens with 0.8 NA and a 12 mm diameter NdFeB permanent magnet to
produce an external magnetic field in a range of 70 to 80 mT. Microwave and

RF signals are generated by a vector signal generator and a function generator,
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respectively, which are combined using passive filters and drive the microwire

on the sample [102].

5.2.2 Statistical polarization

As detection volume of nuclear spins approaches to nanometer scale, a
certain type of polarization different from the Boltzmann polarization becomes
dominant: the statistical polarization.

The spin polarization of an ensemble of nuclear spins is defined by the
difference in populations of different spin orientations. Although a mean value
of the net polarization of nuclear spins is zero at ordinary temperature and low
magnetic field, an instantaneous polarization can take non-zero values due to
random fluctuation of nuclear spins and their incomplete cancellation. Assum-
ing that the nuclear spin is a spin-1/2 system (up or down) with a total number
of spin N = N; + N, where Ny and N| are the population of each spin state, the
difference in the up and down spin population AN = Ny — N| can fluctuate and
take either a positive or a negative value on the time scale defined by the spin
correlation time 7., such as a spin-lattice relaxation time 77 (Fig. 5.4). As the
statistical properties of an ensemble spin-1/2 system can be described by a bi-
nomial distribution, a variance of the spin population difference can be written

as
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Figure 5.4: Schematic of statistical polarization. The spin polarization of an ensemble of
proton spins is defined by the population difference of up and down spins, AN = N; — N|,
which can take random values each constant for a short time scale characterized by the spin
correlation time 7,. Black arrows represent proton spin configuration in each “snap shot” of the
spin system. A red line and arrow represent a standard deviation of the random spin polarization

over a long course of time, which is proportional to a square root of the number of total spin

VN.

= 2
oy =N 1—(%) : (5.3)

where AN is a mean value of AN. For the cases of small mean polarization
(AN ~ 0), the variance is simply reduced to GKN = N, leading to a standard
deviation of the polarization oAy = /N and hence the statistical polarization is
proportional to a square root of the total number of the spins, v/N.

Now, it is shown that the statistical polarization can exceed the Boltzmann
polarization for a small sample volume on the nanometer scale. From Equations

(5.1) and (5.2), the Boltzmann polarization can be written as

hB
A]\/Boltzmann = NZB_Ta (54)

128



while the statistical polarization is expressed as

ANSsyatistical = \/N (5.5)
A condition to be set is
AZVStatislical > A]\[Boll‘zmann: (56)
which derives an equation
-2
YhB 1
V<|l-— 5.7

where V is the sample volume and p is the nuclear spin density in the sample.
Plugging in parameters reflecting the experimental condition of y =27 x 42.576
MHz/T (gyromagnetic ratio of 'H nuclear spins), 7 = 300 K and B = 80 mT,
and p ~ 57 nm 3, the “critical” volume below which the statistical polarization
exceeds the Boltzmann polarization is calculated to be (3.9 um)?, suggesting
that the statistical polarization signal dominates for the nanometer-scale volume

detection of nuclear spins under the experimental conditions.

5.2.3 Measurement protocol

The proton spin signal is detected by coupling the NV center spin to the
statistical polarization of the longitudinal magnetization of proton spins, which

is governed by the spin-lattice relaxation time 77, on the order of seconds, much

129



fNMR fNMR

RF field
NMR 7 pulses WMM Imm
MW pulses N /2 M T/2 I
NV spin echo Il I It
(7/2) sy T, (7r/2)y
532 nm NV initialization NV read out
Laser

Sgate Rgate
(signal) (reference)

Figure 5.5: Schematic of pulse sequence used for the nanoNMR measurements. A top blue
line represents RF 7 pulses to manipulate proton spins applied in synchronous with microwave
pulses (red line) for the NV center spin control. The microwave pulses form a (7/2)+, —7/2 —
(m)x — /2 — (m/2), Hahn echo sequence. The initial (7/2), pulse leaves the NV center spin
in the dark state (m; = %1) at the end of the total echo time of 7, whereas the (7/2)_, pulse
leaves it in the bright state (m; = 0), allowing for differential measurements. 532 nm laser pulses
are used to initialize and read out the NV center spin state. The S and R gates synchronized with
the NV read out pulse collect photon counts for the spin signal and the reference. The sequence
is repeated for many times to accumulate statistical signal. The NV center photon count is
measured while sweeping RF frequency fyug, enabling NMR spectroscopy measurements.

Original data presented in Ref. [102].

longer than the total echo time 7 of hundreds of microseconds. The full advan-
tage of long 77, can be taken by using a pulse sequence analogous to the double
resonance. Due to the long 77,, the proton field is essentially constant over
the Hahn echo measurement of NV center, and the proton field is inverted in
synchronous with the Hahn echo 7 pulse for the NV center spin control, maxi-
mizing the proton field sensed by the NV spin.

Figure 5.5 describes a measurement protocol of the nanoNMR scheme.
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The NV center spin is initialized into m; = 0 state using a 4-us pulsed green
laser excitation. A (7/2)+, microwave pulse prepares the NV center spin state
into a superposition of m; = 0 and +1 sates. The longitudinal proton magnetic
field is detected by the NV center spin using a Hahn echo microwave pulse se-
quence consisting of (7/2)4, — /2 — (7)x —7/2 — (7/2),, where 7 of 300 or
440 ps is the total echo time. The initial (7/2)4, pulse leaves the NV cen-
ter spin in the dark state (m; = 1) whereas (7/2)_, pulse in the bright state
(mg = 0) at the end of the echo sequence, allowing for a differential measure-
ment. After the final (7/2), pulse, a green laser is shined in order to measure
the population of the NV center spin state. The PL signal in each sequence
is normalized by the reference signal measured simultaneously during the spin
read out pulse in order to minimize the systematic fluctuation of the PL signal.

During the microwave pulse sequence, two RF 7 pulses are synchronously
applied to manipulate proton spins. The first RF pulse sets an initial random
longitudinal polarization of the proton spins for the first half of the echo se-
quence, while the second RF pulse inverts the proton spin polarization for the
second half when the RF frequency fyur is in resonance with the proton Lar-
mor frequency. The inversion of the proton spin polarization reverses the proton
magnetic field acting on the NV center, which disturbs the equivalence of the

spin evolution for the two halves of the echo sequence. This disturbance re-

131



duces the spin population in the m; = 0 state at the end of the sequence, which
is measured as a decrease in the echo amplitude. The RF frequency fyur 1s
swept while running the pulse sequence, which allows for a spectroscopic mea-
surement of the nanoNMR.

The two RF pulses are exactly identical consisting of 30 sine wave cycles
in order to minimize tedious errors such as “cross talk” of the RF and microwave
signals, as the unexpected magnetic field disturbance on the NV center caused
by the RF pulse would be cancelled out for the two halves of the echo if the

pulses are identical.

5.3 nanoNMR results

5.3.1 nanoNMR

The key results of the nanoNMR measurement are shown in Fig. 5.6(a).
The NV center’s echo amplitude is measured as a function of fypygr under a
static external field of By. The three scans correspond to different By of 79.5
(blue), 76.9 (red) and 74.2 (black) mT. As expected, the echo amplitude in each
scan decreases when fyyg is in resonance with the proton Larmor frequency
at given By showing a dip around the resonant frequency. The dip frequency is
plotted as a function of By in Fig. 5.6(b). A linear fit to the data results in a

slope of 42.6 MHz/T consistent with the proton gyromagnetic ratio of 42.576
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Figure 5.6: Results of nanoNMR measurements. (a) NV spin echo response as a function of
frequency fymr. Curves in blue, red and black are data for the different external magnetic field
By =79.5,76.9 and 74.2 mT, respectively. These curves show dips when fxsr is in resonance
with the proton Larmor frequency at given By. A curve in orange is the data after removing the
PMMA layer, displaying no dip at the expected Larmor frequency corresponding to By = 78.5
mT indicated by a black arrow. (b) NMR dip frequency measured by the data shown in (a) as
a function of By. The line is a fit to the three data resulting in 42.6 MHz/T, consistent with the

gyromagnetic ratio of proton spin. Original data presented in Ref. [102].

MHz/T, providing an evidence of detecting proton spins. When the PMMA
layer is removed by an acid cleaning, no dip is observed at the expected Larmor
frequency (orange curve in Fig. 5.6(a)), confirming that the signal is originated

from the organic polymer layer external to the diamond.

5.3.2 nanoNMR spectrum by Fourier transform method

Although the data shown in Fig. 5.6(a) demonstrates the spectroscopic

feature of the nanoNMR scheme, the dip is broadened ~ 100 kHz due to the
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amplitude of RF pulses. The spectral resolution can be improved by applying
a Fourier transform technique where a time domain free induction decay (FID)
data is Fourier transformed to obtain a NMR frequency data.

To obtain a time domain data, the RF 7 pulses are split into two identical
7 /2 pulses consisting of exact 15 sine wave cycles as shown in Fig. 5.7(a). The
spacing between the two /2 pulses 1, is incremented while spin echo ampli-
tude data is taken. This scheme is similar to the Ramsey experiment except that
the RF frequency is in resonance with the proton frequency. The resulting data
is shown in Fig. 5.7(b), displaying a clear oscillation with a period consistent
with the proton Larmor frequency. No oscillation is observed when the RF fre-
quency is off resonance by 600 kHz (data not shown).

In order to obtain a longer time record, a coarser time step of 7, is used,
which speeds up the measurement but results in undersampling of the Larmor
frequency oscillation leading to an aliasing effect that shifts the Larmor fre-
quency to the lower. Despite the undersampling, the spin echo amplitude de-
cays for the first ~ 15 us as shown in Figure 5.7(c), which is consistent with
the 75, * of ~ 14 us for proton spins in PMMA. Some oscillation persisting for
a longer time scale up to ~ 50 us is also observed in the data, whose origin is
unclear, but proton spins in some residual solvent may display long 73, *.

The time domain data is cosine transformed to obtain a spectrum data,

134



(a) . .
RF field FNMR ] MR

NMR 7/2 pulses H H

MW pulses f /2 M /2 M
NV spin echo | i |
) (7/2) 1y T, (7r/2)y

o =
® N O
-_—
o
o

o

=
o
~
o

Spin echo amplitude
o O o o

05 10 15 2.0 25 30 35

£
>
5
(0]
&
T (US)
© n §050
© 06 =
S T 0.25}
5 S
Z 0.00F
E 04} . . . .
2 32 33 34 35 36
3 Frequency (MHz)
c 0.2¢f
Q_ .........................
n 0 10 20 30 40 50

Figure 5.7: nanoNMR results by a Fourier transform method. (a) Schematic of the pulse
sequence. The RF pulses are split into two identical /2 pulses whose spacing 7, is incremented
while NV center spin echo response is recorded. The RF frequency fyr is fixed at the proton
Larmor frequency. The time domain free induction decay (FID) data for a shorter and a longer
time scale are shown in (b) and (c). To obtain a longer time record, a coarser 7, is used in (c),
resulting in undersampling of the Larmor frequency oscillation causing an aliasing effect. (d)
Spectrum data obtained by a cosine transformation of the FID data shown in (c). The external
field is By = 79.5 mT. Frequencies are shifted in order to compensate the aliasing effect. A red
dotted curve represents a spectrum of PMMA taken by a conventional 500 MHz NMR using a
magnetic field of 11.75 T. Original data presented in Ref. [102].
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which is shown in Fig. 5.7(d). The data shows a single narrow peak at the Lar-
mor frequency of the proton spin after compensating the aliasing effect. The
peak width is ~ 20 kHz, comparable to a conventional 500 MHz NMR data of
proton spins in PMMA, which is overlay in the same figure. The external mag-
netic field used to take the time domain data in the nanoNMR scheme is Bg =
79.5 mT, which is orders of magnitude smaller than the magnetic field of 11.75
T used in the conventional 500 MHz NMR, demonstrating an advantage of the
nanoNMR scheme that does not require a high magnetic field to obtain spectral

resolution comparable to the conventional NMR.

5.4 Analysis

5.4.1 Estimation of proton magnetic field signal

The amplitude of the proton magnetic field, B,,,, can be calculated by the
depth of dips in the nanoNMR signal shown in Fig. 5.6(a). In this subsection,
an equation that relates the experimental results with the proton magnetic field
is derived, which is used to estimate the proton signal.

The phase accumulated by the NV center during the total echo time of 7 in

the Hahn sequence can be expressed as [150]

7/2 T
5o =7 Budi—y [ Bl (5.8)
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where ¥ = 27 x 28 GHz/T is the gyromagnetic ratio of the NV center electronic
spin, and By(¢) is the proton magnetic field. For a specific case used in the ex-
periment where the proton spins are inverted synchronously with the microwave

7 pulse in the middle of the echo (see Fig. 5.5), Equation (5.8) is reduced to

8¢ = y/o By(1)dt. (5.9)

Assuming that the accumulated phase 8¢ is a normally distributed variable with

zero mean, the spin echo response can be written as!,

§(7) = &o(7) (cos(89))

2
— &(c)exp [—%] | (5.10)

where &y(7) is the echo response in the absence of proton magnetic field and

(---) indicates the mean value. From this equation, a mean square phase is

IFor normally distributed variable x with zero mean and o2 variance, the mean of cosx is

calculated as

xp| —=— =exp|——= ).
> exp 752 cosxdx = exp 5

This equation is used to derive Equation (5.10).
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computed by the spin echo response through a following equation?,

2 (1)
(B0} =—2loe g
_ 5. S(7) —&(1)
&o(T)
AS
Eo(7)’

where A& /&y(7) is the fractional change in spin echo amplitude caused by the

—2.

(5.11)

proton magnetic field.
On the other hand, the mean square phase can also be derived by comput-

ing the phase accumulated by the NV center,

((89)) = < [y / TBNa)dr} 2>
([ o] [ ]

T T
—p [ / / <BN(t)BN(z’)>dtdt’] . (5.12)
0 JoO
Since longitudinal polarization of proton spins have a spin correlation time 77,

much longer than the total echo sequence time 7 (77, > 7), the proton magnetic

field is essentially constant during the echo sequence, resulting in

(Bn(1)Bn(1')) = (BY), (5.13)

2Using the Taylor expansion, log(1+x) ~ x, or —log(1 —x) ~ x for small x (|x| < 1). The

latter equation is used to derive Equation (5.11) by substituting x = A /&y(7). The validity
of the Taylor expansion is ultimately confirmed from the experimental result x = A& /&y(T) =

02<1.
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which further leads to
((80)*) =7 (By) 7> (5.14)

By comparing Equations (5.11) and (5.14), a square proton field can be written

as

2 AE
(BX) = 2R E (D)

(5.15)
The results shown in Fig. 5.6(a) display dip depths roughly A /&y(7) =~ 0.2,

which according to Equation (5.15) leads to the proton root-mean-square (rms)

field of

By = \/<B]2\,> = 12nT — rms. (5.16)

This is the proton magnetic field signal estimated by the experimental results.

5.4.2 Proton sensitivity of NV center

The NV center’s proton field sensitivity is constrained by its spin coher-
ence time and the optical read out of the spin states, which can be estimated by
finding a minimum rms field B,,;,, leading to a unity signal-to-noise ratio (SNR)
assuming that the NV center’s spin read out is limited by the photon shot noise.

The spin echo signal is always measured by taking difference in the signal
prepared in two different initial states by applying (7/2), and (7/2)_, pulses
at the beginning. The (7/2)., initial pulse leaves the NV center spin state in

the dark state (m; = £1) at the end of the echo sequence, whereas the (7/2)_,
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initial pulse leaves in the bright state (m; = 0). Define S™(7) and S~ (7) to be
the photon counts corresponding to the (7/2), and (7/2)_, initial pulses after
the total echo time 7. In order to minimize systematic measurement error, these
spin signals ST (1) are normalized by the reference signal R*(7) that are mea-
sured simultaneously during the spin read out pulse (Fig. 5.5). The spin echo

contrast is therefore calculated by

. S (t)—S*
$(t) = - (1) =57(t) (5.17)
3[R (1) +R*(7)]
and the normalized spin echo signal is defined as
S(t
(1) = 203 (5.18)
So

where Sy = Sy(0) is the spin echo contrast for fully polarized bright and dark
states of the NV center (typically ~ 0.30) and So(7) is the spin echo contrast in
the absence of proton magnetic field (B,,,;s = 0). £(7) is sometimes referred as
“coherence”, which is ~ 1 for the short echo time and goes to zero for T > Tp,.
The spin echo signal in the absence of proton field, &y(7) is plotted in Fig. 5.3.

Combining Equations (5.17) and (5.18), the spin echo signal can be written as

S™(7)=S*(t) 3[Ry (0)+R:(0)]
JIR=(7)+R*(7)] Sy (0) =S5 (0)

&(1) = (5.19)
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Assuming that R are photon counts for the NV center spin fully polarized
during the read out pulse to my; = 0 state, which is independent of 7T and B,;,

the spin echo signal can be reduced to

S (1) —-S*(7)
T) = — , (5.20)
(5050
and
S (1) =55 (7)
= , 5.21
AR 520
leading to the normalized signal in the presence of proton field,
So(7) = &(7) S (1)-S"(z
— =l 5.22
&) 5050 o

In order to compute statistical uncertainty in the normalized signal, the effect
of the denominator in Equation (5.22), S, (0) — Sar (0) , can be ignored as it
is assumed to be a constant normalization factor that has been well calibrated.
Hence the uncertainty in S*(7) is analyzed assuming that they are limited by

the photon shot noise. In the limit of small B,,,;,

ASE(1) = /5% (1) = /S5 (1), (5.23)

leading to an overall noise
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(5.24)

V(AS~ (1) + (AS* (2 \/S )+ 55 (7)
Sy (1) =85 (7) So (1) =Sy (7)

According to Equation (5.15), the normalized signal caused by a proton mag-

netic field of B,,,s can be written as

% PBT, (5.25)

where ¥ =271 x 28 GHz/T is the gyromagnetic ratio of the NV center electronic
spin. In order to compute minimum detectable rms proton magnetic field, B,
(i.e. SNR = 1), setting the signal equal to the noise gives
Sy (T)+ 85 (1)
I 55 5 0 0

ST BT = ROEGTOR (5.26)

Assuming that S; (0) + Sg (0) is independent of 7 such that S, (7) 4+ S (7) =

Sy (0) + S5 (0), then,

2 _ 2 VSO+S0)
min " 0272 Sy (1) —Sg (1)
S5 (0)+S+(0
2 0( ) +o( ) (5.27)

-~ 26(1) S5 (0)—S{(0)
In order to derive an expression of B, in terms of total acquisition time 7,

define o and f to be the average counts per echo sequence in the bright (m; =
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0) and the dark (m; = %1) states as ap = S, (0)/Ng and By = SS’(O)/NE, where
NEg 1is the total repetition number of the echo sequence. The total acquisition
time is then defined as 7, = 2Ng T, where a factor of 2 arises from the separate
measurements for S~ and ST in the one measurement cycle. Combining all

these parameters into Equation (5.27) leads to a final expression,

2 2\/§ vV 0o+ ﬁO
Bnin = 2 3728(2) VT (00— Bo) 29

Under experimental parameters of oy = 0.02, By = 0.014, 7 = 440 us and
&o(t) = 0.60 as well as setting a reasonable acquisition time of 7, = 1 s, the
NV center’s proton magnetic field sensitivity is calculated to be B,,;, = 8 nT-
rms.

The calculated sensitivity is comparable to the proton magnetic signal B,
= 12 nT-rms estimated by the experimental results, suggesting that the measure-

ment is effective.

5.4.3 Detection volume

It is important to calculate the detection volume as it leads to the number
of protons contributing to the signal detected by the NV center. The goal of
this subsection is to calculate a volume corresponding to the estimated proton

magnetic signal B,,,; = 12 nT (Section 5.4.1) or proton sensitivity By, = 8 nT
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(Section 5.4.2). First, an expression for the magnetic field from a proton at a
point r is derived, which is integrated over a volume to calculate the total proton
field on the NV center. Ideal cases are analyzed assuming that the signal from a
half-infinite space of protons in the polymer layer is detected by the NV center
with infinitely small sensitivity, and then a more realistic case is examined by
setting finite sensitivity of the NV center resulting in a finite detection volume.

Assuming that the quantization axis of the proton spin q is aligned to the
external magnetic field, which is parallel to the NV center symmetric axis along
(111) direction, the component of the proton magnetic field at the NV center

along the symmetry axis (|| q) can be written as

_  Holy

B =q-B
«(r)=4q an

(5.29)

3(q7r)2—1]

3
where r is the vector from the proton to the NV center, t is the unit vector along

r, o = 47w x 1077 Vs/Am is the vacuum permeability and Hp = 1.41 x 10726

J/T is the magnetic moment of the proton. A root-mean-square (rms) field from
an ensemble of proton spins is

2
2
Brms = < >

:< Z Bq(r,-)Bq(rj)—f—ZBé(l‘i)>- (5.30)

L] i#]

ZBq(ri)

The first summation of Equation (5.30) is zero for random, uncorrelated spins,
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therefore,
B}, =Y Bi(r). (5.31)
i
Assuming that protons in polymer are continuous with a constant density of py,

the summation can be converted to an integral,

B2, =pw /V [B,(r)]*av. (5.32)

As a first step, the integral in Equation (5.32) is taken over the half-infinite
space of polymer, which represents a relatively thick polymer layer on the sur-
face. Specifically, two cases where the diamond film is grown on the (111) and
(100) planes are considered. For the case of the (111) plane, where q is per-
pendicular to the sample surface, the integral is taken in spherical coordinates

as

2
2 Holp 2 T/2 e 3cos?0—1\" , .
B, =2 (HE2 ) py /0 /d o\ ) in0drdo, (5.33)

where d is the depth of the NV center and 0 is the polar angle measured from

the normal to the sample plane. The result is

L

rms — 8\/Eﬂol~lp d43/2

LI

d3/2°

B
~ 0.071 oL, (5.34)

For the (100) plane case representing the experiment, where q is tilted

54.7° (the angle between (111) and (100) direction) from the axis normal to
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the surface, the integral in spherical coordinates will be calculated by substi-

tuting(jzl/ﬁ(l 1 1>andf':(sinecosq> sin 0 sin ¢ cos@)into

Equations (5.29) and (5.32), leading to

BZ B ,UolJp /7!/2 / /27‘[
s d/cosO

(2sm 0 cos@sin¢ +2sin 6 cos O cos ¢ +2sin O cos O sin ¢

) rsin 0dodrdo.

3
(5.35)
The result is
1/2
1 Py
Brms 8\/—“’0“]) d3/2
p1/2
~ 0.050Uo L, d13v L (5.36)
leading to Bgnosoi)d ot = 79 and 598 nT by substituting d = 20 and 5 nm into

Equation (5.36). These results are the ideal proton magnetic field contributed
by all protons in the half-infinite space of the polymer layer, which are detected
by the NV center with infinitely small sensitivity.

In reality, only protons in a small volume of the polymer near the surface
are detected since the NV center has a finite sensitivity. To estimate the de-
tection volume, proton fields B,(r) are calculated for each small volume 4V at
point r, sorted in descending order and integrated using Equation (5.32) until
the integration reaches a certain magnetic field Bgerecrion. Detection volume is

calculated for the case of d = 20 nm and the surface parallel to the (100) plane,
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Figure 5.8: Three-dimensional plot of positions of protons (blue dots) that collectively con-
tributes to a magnetic signal of 8 nT on the NV center. The xy plane corresponds to the (100)

plane and the NV center is located 20 nm below the origin.

representing the experiment.

If Berection 18 set equal to the estimated proton magnetic signal B,,; = 12
nT, the detection volume is estimated to be (4.8 nm)3, corresponding to a num-
ber of proton spins N ~ 6100. Furthermore, setting Berection = Bmin = 8 nT
leads to a detection volume of (3.5 nm)>, corresponding to N ~ 2400, leading
to a conclusion that the presented nanoNMR scheme detects spin signals from
the number of protons on the order of ~ 103. The three-dimensional positions
of protons on the surface contributing to a collective signal of Bjsection = 8 n'T

is plotted in Fig. 5.8.

5.4.4 Towards single proton spin detection

In order to give an insight into directions towards the single proton spin
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Figure 5.9: Root-mean-square field (B,,s) from a cubic volume (voxel) of proton as a function
of its side length. Curves in orange and black are calculated results for a NV center 20 nm deep
with the sample surface parallel to the (100) and (111) plane. Curves in red and blue are the
(100) and (111) results for a 5-nm deep NV center. Solid lines are for the results assuming that
the voxel is located on the surface immediately above the NV center. Dotted lines in orange and
red are for the results of a NV center 20 and 5 nm deep with the optimized voxel position on the
(100) surface. A vertical dotted line represents a voxel size corresponding to a single proton,

and a horizontal line corresponds to B,,,s = 8 nT. Original data presented in Ref. [102].

detection, the rms magnetic field from a cubic volume of protons (“‘voxel”) is
calculated as a function of the length of its side as shown in Fig. 5.9. Four plots
are for each of combinations of NV center depth (d = 5 and 20 nm) and the
surface planes ((111) and (100)). The solid curves are for voxels assumed to
be placed on the surface right above the NV center, whereas dashed curves are
for the optimized position of the voxel on the (100) surface. This consideration

is necessary as NV centers is insensitive to the proton spins immediately above
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on the (100) plane due to a vanishing angular term of the proton magnetic field
3(§-#)> — 1 = 0 (so-called the “magic angle”).

As discussed in the previous subsection, proton sensitivity of 8 nT-rms for
d =20 nm on the (100) surface corresponds to a proton volume of (3.5 nm)? at
the optimized position, which can be read from the dashed curve in orange in
the figure. The proton volume can be reduced to ~ (2 nm)? for the (111) plane
at the same depth.

From Equation (5.28), the proton sensitivity B, is roughly proportional
to (Tze)_3/ 4. As discussed in Section 4, a shallow NV center at d = 5 nm grown
on the (100) plane display 75, ~ 200 us, resulting in an estimated sensitivity
of 18 nT for such an NV center corresponding to a proton volume of ~ (0.4
nm)> at the optimized position (dashed curve in red in Fig. 5.9). The proton
volume reaches the single proton limit assuming a similar 75, for d = 5 nm

sample grown on the (111) plane.

5.5 Conclusion

A shallowly doped NV center is used to demonstrate the nanoNMR scheme.
The NV center spin is coupled to the statistical polarization of the longitudi-
nal magnetization of proton spins. In order to make the most of a long spin-

lattice relaxation time 77, associated with the longitudinal polarization, proton

149



spins are actively manipulated by RF pulses in synchronous with the Hahn echo
pulses for NV center spin control. By sweeping the RF frequency, the NV center
spin echo response displays dip when the RF frequency is in resonance with the
proton Larmor frequency at a given external magnetic field, allowing for a spec-
troscopic detection of nanoNMR. The dip disappears when the polymer layer
is removed from the surface, confirming that the proton signal is originated ex-
ternal to the diamond crystal. By analyzing the data, the proton magnetic field
signal is calculated to be 12 nT-rms and corresponding detection volume is (4.8
nm)?>, equivalent to ~6100 protons contributing to the signal, demonstrating the
nanometer-scale detection of NMR.

This experiment sets an important milestone towards the ultimate goal of
the N'V-based nanoMRI technique, which is expected to be operated at room
temperature. For the realization of nanoMRI, reduction of the acquisition time
is necessary in order to sample many points to construct 2D or 3D images.
Continuous efforts to increase the proton signal via creating even shallower NV
centers with persisting coherence time is still required, which is also important
for the outstanding challenge of the single proton spin sensing.

Despite these challenges, the N'V-based nanoMRI is potentially capable
of room-temperature operation, no radiation damage and elemental selectiv-

ity, which can be useful for imaging a certain type of molecules [151], ulti-
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mately providing a complementary tool for protein structure determination, an

outstanding challenge of the modern structural biology.
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Chapter 6

Three-dimensional position control

of a single NV center

6.1 Introduction

Diamond-based, nanoscale engineering has drawn extensive interests as
it facilitates enhancement of NV center functionalities by coupling NV cen-
ters to the nanoscale structures. Examples include photonic crystals [152, 153]
and plasmonic cavities [154] to improve photon collection efficiencies, scan-
ning probe devices to increase spatial resolution of magnetic imaging [41],
and mechanical resonators to enable a phonon-mediated coherent spin coupling
[66, 69]. A critical challenge to enabling scalable creation of these N'V-based
diamond nanostructures is to maintain spin coherence of an NV center local-

ized at a deterministic position with nanometer scale precision. In this chapter,
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a method for three-dimensional (3D) localization of a single NV center is pre-
sented, which combines the nitrogen delta-doping technique with post-growth
12C ion implantation. Section 6.2 describes challenges to control NV density by
a current existing technique. The concept and the sample preparation process
of the '?C implantation technique are described in Section 6.3. Experimental
results showing doped NV center activation via vacancy diffusion is presented
in Section 6.4. The effects of '>C implantation dose and "N, doping gas flow is
discussed in Section 6.5. 3D localization of a NV center by implanting through
nanometer-scale apertures is presented in Section 6.6. Section 6.7 describes a
theoretical model of vacancy diffusion leading to an estimation of the local-
ization volume and the nitrogen to NV center conversion efficiency. Another
approach for 3D localization using nanometer-scale pillars is presented in Sec-

tion 6.8. Finally, conclusion and outlook are discussed in Section 6.9.

6.2 Challenges

The nitrogen delta-doping technique enables separate creation of nitrogen
incorporation and vacancy creation, which opens up a degree of freedom for
post-growth vacancy engineering. A previous approach to vacancy engineer-
ing in the delta-doped films uses a high-energy (2 MeV) electron irradiation to

create vacancies followed by annealing to diffuse them. However, a drawback

153



Figure 6.1: Surface confocal scan of an electron irradiated sample (d = 21 nm). Sparse bright
spots correspond to single NV centers. A doped NV center is circled in red and a substrate NV

center is in white. A feature on the top of the figure is a co-planar waveguide.

to the electron irradiation technique is that it results in a low density of doped
NV centers, which prevents further incorporation to the device structures. As
an example of a low-yield NV center creation via electron irradiation, Fig. 6.1
shows a surface confocal scan of one of the irradiated samples (depth d = 21
nm, nitrogen doped layer thickness # = 1.3 nm), in which only one doped NV
center is found over a 20 x 20 um scanned area as circled in red.

Since substitutional nitrogen (P1 centers) are a source of decoherence to
NV center spins, the doped NV density must be increased without increasing
the nitrogen incorporation [23]. This requirement necessitates vacancy engi-
neering that enhances the conversion efficiency of nitrogen atoms within the
nitrogen-doped layers turning into NV centers.

One would think that more nitrogen could turn into NV centers by sim-
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Figure 6.2: Surface confocal scan of an electron irradiated sample, showing not only a doped

1SNV center but also dense *NV centers from the substrate.

ply increasing the electron irradiation dose, as it would create more vacancies.
However, this scheme would not work well as it would create a significant
amount of background NV centers in the substrate since high-energy electron
beam penetrates the diamond crystal (Fig. 6.2).

A key to increase the doped NV density without increasing the nitrogen
incorporation and the background NV centers is to localize vacancies near the
nitrogen doped layer. Since NV center formation is a probabilistic process that
vacancies diffuse to the lattice cite adjacent to nitrogen atoms, localizing va-
cancies near the nitrogen doped layer will enhance the probability of NV center
formation, leading to an increase of the nitrogen to NV center conversion effi-
ciency, and ultimately the doped NV density. In the following sections, a '>C
ion implantation technique is described as a method to localize vacancies near

the nitrogen delta-doped layer. The use of !2C implantation is inspired by a
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Figure 6.3: Concept of '2C implantation technique and the sample structure. Original data

presented in Ref. [156].

previous report that co-implantation of !N and '2C ions results in an enhanced
NV density [155]. The '?C implantation technique is used in combination with

the nitrogen delta-doping technique.

6.3 '2C implantation technique: concept and

sample preparation

Figure 6.3 illustrates the concept of the '>C implantation technique and
the sample structure [156]. After the growth, '2C ions are implanted shallower
(< 8 nm) than the nitrogen delta-doped layer 51 nm deep from the surface to
create a localized layer of vacancies. These vacancies diffuse into the nitrogen
delta-doped layer during a subsequent annealing process to form NV centers.

Since '?C has no nuclear spin, the NV center spin coherence is not limited by
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the carbon nuclear spin bath [26, 155].

A more detailed description of the sample preparation process is as fol-
lows. All the samples are grown by the plasma-enhanced chemical vapor de-
position (PE-CVD) system using a growth temperature of 800 °C, microwave
power of 750 W, pressure of 25 Torr, Hy flow of 400 sccm and 12CH4 (99.998
%) flow of 0.1 sccm. A '2C buffer layer of 51 or 103 nm thick is first grown,
followed by a 6-nm thick >N delta-doped layer (with >N, doping gas flow of
either 0.1 or 10 sccm) and a !>C cap layer (51 nm), on top of a commercially
available electronic grade single crystal diamond (100) substrate from Element
6. All the samples are mechanically polished by Syntek Co.,Ltd prior to the
growth. Isotopically purified >N, gas (> 98 %) is used to discriminate doped
SNV centers from substrate *NV centers. After the growth, the sample is 'C
ion implanted by Cutting Edge lons, LLC at an implantation energy of either 2
or 7 keV. According to the SRIM calculation [118] these implantation energies
create vacancies at 2.4 +2.2 nm or 8.0 £ 6.1 nm from the surface, respectively.
The incident angle of '?C ions is tilted 7 degrees normal to the surface in or-
der to mitigate ion channeling effects [33]. A '?C implantation dose is selected
from a range of 10° to 10" cm™2 depending on the experiments. After the
implantation process, the sample is annealed at either 800 °C or 850 °C in a

H,/Ar forming gas atmosphere in order to diffuse vacancies to activate NV cen-
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Figure 6.4: Confocal scans of the diamond surface as-implanted (left), after annealed at 800
°C for 30 min. (center), and 1 hour (right). Doped >NV centers are circled in red and substrate
14NV centers are in black. PL spots indicative of containing multiple NV centers are not circled.

Original data presented in Ref. [156].

ters. Then, the sample surface is cleaned using perchloric acid mixture (HC1O4
: HpSO4 : HNO3 = 10 mL : 10 mL : 10 mL, at 190 °C for 30 min.) in order to
remove a graphitic layer on the surface as well as to make the surface oxidized
to promote the negatively charged NV~ state [95, 96]. All the measurements are
carried out using a confocal measurement system (similar to the one described

in Section 4.5) under ambient conditions.

6.4 NV center activation via vacancy diffusion

In this section, experimental results showing NV center activation in the

nitrogen delta-doped layer via vacancy diffusion are presented. Figure 6.4
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shows surface confocal microscope scans of the as-implanted sample (left), af-
ter annealed at 800 °C for 30 min. (center) and 1 hour (right). In this sample,
the 12C buffer layer thickness is 103 nm, and an implantation energy of 2 keV
and a '2C dose of 10'° cm™2 are used. The same sample is used for this cumu-
lative annealing study. For each annealing step, three areas on the surface are
randomly selected and imaged to count the number of formed NV centers. Con-
tinuous wave electron spin resonance (CWESR) is used to discriminate doped
SNV (circled in red in the figures) and substrate 14NV centers (black) by mea-
suring their hyperfine signatures. Some photoluminescence (PL) spots showing
CW-ESR signatures of containing multiple NV centers are not circled in the
figures.

The as-implanted sample shows no trace of NV-center activation, whereas
more than 90 % of all measured NV centers are doped >NV centers after 30
minutes of the annealing. When the sample is further annealed for total 1 hour,
a mixture of doped ISNV centers (~ 70 % of all measured NV centers) and
substrate '*NV centers are observed. This result is consistent with a picture
that shallow vacancies created by the '>C ion implantation are diffused into the
nitrogen doped layer to activate doped >NV centers during the annealing pro-
cess, and they ultimately diffuse deeper to activate *NV centers in the substrate

(See Fig. 6.3). A quantitative analysis of the vacancy diffusion is discussed in

159



Section 6.7 by applying the one-dimensional (1D) vacancy diffusion model.

6.5 Effects of '>C implantation dose and '°N,

doping gas flow
6.5.1 Effects on the NV density

In this section, effects of the process parameters such as '>C implantation
dose and N, doping gas flow on the doped NV density are discussed. Two
samples of nominally identical structure (both have '>C buffer layer thickness
of 51 nm) are grown and used for this study. The only difference is the "N,
doping gas flow: 10 sccm and 0.1 sccm are used respectively for each sample.
Both samples are '>C implanted at 7 keV on three different quadrants with dif-
ferent 12C doses (109, 109, and 10! cm_z), followed by annealing at 850 °C
for 30 minutes. Six figures shown in Fig. 6.5 are surface confocal scans of each
quadrant. For 10° and 10'° cm~2 dose cases, doped >NV and substrate '*NV
centers are isotropically discriminated and circled in red and black, respectively
(some NV centers showing inconclusive results due to low CWESR contrasts
are left uncircled). Three random areas within each quadrant are measured and
NV centers are counted. The average number of doped NV centers found over

the scanned 10 um x 10 um area is computed, which is translated to the doped
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Figure 6.5: Surface confocal scans of six different parameter areas. The two rows correspond
to different !N, doping gas flows of 10 (top) and 0.1 (bottom) sccm. Three columns are for 1>C
implantation doses of 10° (left), 10'° (center) and 10'! (right) cm~2. The numbers on the left
top of each figure correspond to the doped NV density in the units of 10'3 cm™3 (for 10'! cm~2
dose cases, doped NV center cannot be measured as NV density is too high to isolate single
NV centers). Doped NV centers are circled in red, and susbtrate NV centers are in black. PL

spots showing inconclusive results due to low CWESR contrast are not circled. Original data

presented in Ref. [156].
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NV density assuming a thickness of the nitrogen delta-doped layer of 6 nm. The
calculated doped NV density for each quadrant is shown on the left top of each
figure in the unit of 103 cm™3.

For both °N, flow cases, the doped NV density increases from ~ 0.1 to
~ 1 x 103 cm™ when '2C implantation dose is increased from 10° to 10'°
cm™2, suggesting that doped NV density can be controlled by '2C implantation
dose. According to secondary ion mass spectrometry (SIMS) measurements,
the nitrogen dopant concentration is estimated to be (0.8 & 0.6) x 10'6 cm™3
(see Section 4.4) for a 10 sccm PN, doping gas flow, which is consistent with
the nitrogen spin bath concentration probed by spin coherence measurements
of NV centers in a similar nitrogen-doped film [132]. The nitrogen to NV cen-
ter conversion efficiency ([NV]/[N]) is calculated using the estimated nitrogen
dopant concentration ([N]) and the measured doped NV density for the 10 sccm
cases ([NV]) resulting in 0.02 % and 0.16 % for the 10° and 10'9 cm—2 2C
dose cases, respectively. The resulting low conversion efficiencies suggest that
the doped NV density is limited by the vacancies in these '>C dose cases. For
the 10'! cm™2 dose case, NV density is too high to isolate single NV centers,
however, the doped NV density should keep increasing with the '>C implanta-
tion dose as the integrated PL over the scanned areas increase by roughly 20

- 40 times (which varies with measured positions) compared to the 10! ¢cm—2
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dose cases.

On the other hand, there is no noticeable difference of the doped NV den-
sity between two different "N, flow samples even though the doping gas flow
is varied over two orders of magnitude. This result indicates that the nitrogen
incorporation is very weakly dependent on the !N, doping gas flow, leading
to a speculation that the nitrogen incorporation to diamond is limited and it is
already saturated at a relatively small >N, flow of 0.1 sccm. This result is quite
interesting as it challenges prior assumptions in Chapter 4 that nitrogen dopant
concentration can be controlled by the doping gas flow, and this speculation
is further investigated from the spin coherence point of view in the following

section.

6.5.2 Effects on the spin coherence

The effects of >C implantation dose and N, doping gas flow on the
NV center spin coherence are investigated by using the same samples. Figure
6.6 shows spin coherence times 7, measured using Hahn echo sequences of the
NV centers within 10!° (left) and 10° (right) cm~2 12C dose quadrants of the
10 (red) and 0.1 (blue) sccm samples. Each data point corresponds to a 7> re-
sult of an individual single NV center. Uncertainties in 7, are quoted at 95 %

confidence. The resulting 7, are reproducibly long on the order of hundreds of
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Figure 6.6: Spin coherence times 7> of single NV centers from 109 (left) and 10° (center) cm 2
dose areas. Data from 0.1 (10) sccm samples are denoted by blue circles (red squares). Each
data point represents a result of a single NV center. The errors are quoted at 95 % confidence.
Measured 75 ranges of the electron irradiated samples are shown in a green belt in the figure for
comparison. The average 7, times of the five NV centers from each combination of the process

parameters are shown in the right panel. Original data presented in Ref. [156].

microseconds except only two NV centers showing 7> < 50 us (both from the
100 cm~2 dose area in the 0.1 sccm sample). The longest 7> of a single NV
center, (799 +77) us, is measured from the 10° cm—2 dose quadrant of the 0.1
sccm sample, which encouragingly is comparable to the 75 times of the electron
irradiated samples presented in Chapter 4 (shown as a green belt in the figures).
Some outliers (e.g. NV 1, i1 and I of the 0.1 sccm sample) are likely due to
a non-uniform distribution of vacancy-related paramagnetic defects originated
from the implantation process, which are not fully removed during the subse-
quent annealing process [157]. Although 7, results seem to deviate in a wider

range in the 0.1 sccm sample, whether it is a real effect or just by the limited
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sampling size is inconclusive.

The means and standard deviations of 75 of five single NV centers for the
each combination of parameters (12C dose and PN, flow) are shown in the
right panel of Fig. 6.6. The average T times increase from 252 +93 (1824 18)
s to 614 & 106 (2354 38) us for the 0.1 (10) sccm sample when '>C dose
is changed from 10'° to 10° cm™2. In order to investigate the effects of '2C
dose and 1N, flow on 75 times, a two-way analysis of variance (ANOVA) is
carried out, showing a statistically significant main effect for the '>C implanta-
tion dose (F(1,16) = 4.7, p < 0.05), whereas the main effect for the >N, flow
and the interaction between the two parameters are not statistically significant
(F(1,16) = 1.0,p > 0.05 and F(1,16) = 2.6, p > 0.05, respectively). It is hard
to determine the sole effect of nitrogen on the spin decoherence from the limited
number of sample, since vacancies coexist as another source of decoherence.
However, if the nitrogen were incorporated proportionately to the !N, doping
gas flow, 7> times would result in two orders of difference between the samples
assuming that 75 are inversely proportional to the nitrogen concentration [158].
The measured 7; times differ only within the same order, suggesting that the
nitrogen incorporation is indeed very weakly dependent on the >N, doping gas
flow, which is consistent with the NV density results discussed in the previous

section.
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It is interesting to investigate an even lower "N, doping gas flow regime,
which may show different results of the doped NV density and 75 times, provid-
ing a deeper insight in the solubility of nitrogen into diamond. Also, it remains
unclear whether an excess amount of nitrogen is not incorporated into the crystal
or becomes a different form of crystal defects in the diamond, such as intersti-
tials. Answering to these questions is a key to understand the nitrogen doping
mechanism, leading to a better control of the NV density and 7; times using the

nitrogen doping technique.

6.6 3D localization of a single NV center using

nanoscale apertures

The '>C implantation technique is further utilized to demonstrate 3D lo-
calization of a single NV center. The nitrogen delta-doped layer constrains the
depth direction of NV centers at nanometer scale, and the 12¢c implantation
through electron beam (EB) lithographically patterned, nanometer-scale aper-
tures localizes vacancies to control the in-plane position of NV centers, thus
leading to full 3D localization. This approach would also benefit to preserve
spin coherence times of the localized NV centers, since the '>C implantation
technique would yield sustained 7, times as seen in the previous section. In

this section, the 3D localization of a single NV center with maintained spin
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Figure 6.7: Schematic of the sample structure and the process flow of the aperture implantation

sample. Original data presented in Ref. [156].

coherence is presented by implanting through nanometer-scale apertures. The
sample preparation process, as well as the average number and spin coherence

measurements of localized NV centers are discussed.

6.6.1 Aperture sample preparation

Figure 6.7 shows a sample preparation process of the aperture implanta-
tion approach. The sample consists of a 51-nm thick '>C buffer layer, a N
doped layer 51 nm thick and a '>C cap layer (51 nm). The >N doped layer is
made relatively thick in order to increase the probability of finding NV centers
in a localized volume of sub-diffraction limit length scale. A "N, doping gas
flow of 10 sccm is used for doping. After the growth, the sample is spin coated

with positive EB resist (PMMA 950 A4) at 3000 rpm for 30 seconds, baked at
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185 °C on a hot plate for 30 min. and then a 30-A thick Cr layer is deposited
using a thermal evaporator in order to make a conductive layer for EB pattern-
ing. An EB pattern is drawn using the nanometer pattern generation system
(NPGS) integrated in a FEI Sirion field emission scanning electron microscope
(SEM) equipped in the Nanofab, using an acceleration voltage of 30 kV and a
spot size of either 3 or 5. The EB pattern consists of a two-dimensional (2D)
array of apertures (2 m spacing in both directions) patterned over a 100 gm x
100 um area with various nominal diameters from 50 to 450 nm. At four cor-
ners of the array, a 25 um x 25 um square marker is patterned to find positions
of the apertures during PL. measurements. These patterns are repeatedly drawn
at different places across the sample with varying EB dose from 1000 to 8000
uC/cm?. The best dose to resolve small features is 2000 @ C/cm?. The sample
is then !2C implanted at an implantation energy of 7 keV and a dose of 10'3
cm™? with the incident angle 7 degrees tilted normal to the sample surface. 12C
implantation dose is increased in order to increase the NV density. After the
implantation, the EB resist is stripped off and the sample is annealed in a tube
furnace at 850 °C for 30 min. in a Hy/Ar atmosphere. The sample surface is

cleaned using perchloric mixture prior to measurements.
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6.6.2 Localized NV center number vs aperture diameter

Figure 6.8 shows a surface confocal scan of the processed sample, dis-
playing patterned spots of PL from NV centers localized by the apertures. The
2D array pattern consists of ten columns of apertures (columns A - J) with vary-
ing their diameters; column A has the largest nominal diameter of 450 nm and
column J has the smallest of 50 nm. The columns of smaller diameter H - J are
not fully developed and only columns A - G (from left to right) are seen in the
figure. The difference in PL of columns in the figure reflects the difference in
their aperture diameter (larger apertures on the left). In this section, the average
number of localized NV centers per aperture is discussed as a function of their
measured diameter.

The aperture diameter is measured from SEM images, which are taken
from a separate sample processed simultaneously in the same recipe (inset of
Fig. 6.8). Ten apertures are selected from each column and measured to com-
pute an average diameter. For example, the diameter of column A is 239 4+ 19
nm, and the two smallest columns (F and G) in Fig. 6.8 have diameters of
123 £ 17 nm and 114 421 nm, respectively.

The number of NV centers localized in an aperture is counted based on
the PL intensity of the apertures. Several surface confocal scans are taken from

the array to image total 90 apertures for each column to build up statistics. Each
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Figure 6.8: Surface confocal scan of the aperture implantation sample, showing a patterned PL
of the NV centers localized in an array. One of the single NV centers is circled in red. (inset)

SEM image of the processed apertures. Original data presented in Ref. [156].

scan is repeated four times with different excitation laser polarization (two or-
thogonal polarizations and another two polarization angles between them) and
an average PL is computed for these four polarizations. In this way, differ-
ences of PL due to each single NV center’s axis orientations relative to the
magnetic field direction are compensated, as well as PL fluctuations caused
by any polarization-dependent effects of optical components in the setup are

minimized. In these scans, positions of the apertures are identified and PL is
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Figure 6.9: Histogram of the number of NV centers localized per aperture measured by 90 aper-
tures in column G. Data are shown in blue, and a fit to a Poisson distribution using maximum

likelihood method is shown in red. Original data presented in Ref. [156].

integrated over a circle of 0.9 um radius around the apertures. After subtrac-
tion of background PL, which is taken from the area away from the aperture,
the integrated PL is normalized by the PL from a single NV center (which is
verified later) in order to measure the number of NV centers per aperture. A
histogram of the number of NV centers per aperture is made for each column
and the distribution is fitted by a Poisson distribution using a maximum likeli-
hood estimation (MLE) method. In order to get rid of spurious PL from darts on
the surface, an iterative method is used to set a reasonable cutoff. To begin with,
any apertures showing more than 50 times brighter than single NV center PL is
removed. Then, the data is fitted by a Poisson distribution and the next cutoff

is set at the NV center number where there is a 1/1000 chance of occurrence
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Figure 6.10: Average number of NV centers per aperture as a function of measured diameter.

Original data presented in Ref. [156].

according to the fit. This process is iterated for a couple of times until the cutoff
is converged (typically at the NV center number of 10 — 15) and the mean value
of localized NV centers per aperture is extracted from the final fit.

Figure 6.9 is an example histogram of the number of localized NV center
in column G (the data are shown in blue and the fit is in red), showing that 18
% of the measured apertures display PL consistent with a single NV center, and
the mean value of A = 0.88 NV centers are localized per aperture from the fit.

Figure 6.10 shows the mean values of localized NV centers as a function
of their measured diameter, showing that the average number of localized NV
center can be controlled from O.88J_r8:%§ to 3.51f8:‘3‘3 by changing the aperture

diameter from 114 +21 nm (column G) to 239 & 19 nm (column A).
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Figure 6.11: (a) Photon auto-correlation function g7 as a function of a delay time 7 in the
NV center circled in red in Fig. 6.8. (b) Hahn echo decay data (blue) and a fit (red) of one of
the single NV centers showing longest 7> = 530 =46 us. Uncertainties are quoted by 95 %

confidence. Original data presented in Ref. [156].

6.6.3 Spin coherence of a localized single NV center

In order to test the validity of the PL-based NV center counting method,
four NV centers showing PL consistent with a single NV center are tested using
photon anti-bunching measurements. Figure 6.11(a) shows a normalized pho-
ton autocorrelation function g(? (1) as a function of delay time T measured in
the NV center circled in red in Fig. 6.8, displaying g (0) < 0.5, which con-
firms PL from a single NV center. This single NV center signature is observed
in all of the four measured NV centers.

Spin coherence times 7> are measured in these four single NV centers us-
ing the Hahn echo sequences. The results show a scattering of 7; times between

60 to 530 us, due to non-uniform nature of vacancy creation in the ion implan-
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tation process. However, the average 7, time of four single NV center is ~ 340
us, and two of these show long 7> ~ 500 us. The Hahn echo result of the NV
center displaying the longest 7, = 530 +-46 us is shown in Fig. 6.11(b). The
measured 73 times for localized NV centers result in about an order of magni-
tude improvement compared to a previously reported complementary approach

using N implantation through nanometer scale aperture [33].

6.7 Localization volume estimation

In this section, the localization volume for a single NV center in the aper-
ture sample is discussed. First, the vacancy diffusion length is estimated by a
one-dimensional diffusion model using the results of the isotopic doped/substrate
NV center discrimination in the confocal scans probing the diffusion depth of
vacancies. Then, an isotropic expansion of vacancy diffusion is taken into ac-
count to calculate a three-dimensional volume where a single NV center is lo-
calized beneath the apertures. Finally, the NV center conversion efficiency is

discussed based on the estimated localization volume.

6.7.1 Vacancy diffusion length

Assuming that vacancies are initially well localized near the surface by

using a low energy implantation compared to the vacancy diffusion length after
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the annealing, and that the total number of vacancies is constant N, a drive-in
diffusion model can be applied [158]. Under this model, the vacancy concen-

tration at depth z after an annealing time ¢ can be expressed as

N 72
—_— e 6.1
e (-5 ). ©.1)

where D is a diffusivity. Since only a static vacancy distribution after a certain

C(z,t) =

annealing time is considered, C(z,¢) ~ C(z), and the equation can be simplified
as

C(z,t) =2N-G(z), (6.2)

where G(z) is a form of the normal distribution function,

Glo) = El (6.3)
(Z)—G P\ 202 ) '

and

o =V2Dt (6.4)

is a normalized vacancy diffusion length that is to be calculated. The NV center
density at depth z, [NV](z), is proportional to a product of the nitrogen concen-
tration at z, [N](z), and a total amount of vacancies that diffuse through z, F(z),

which can be written as
[NV](z) = P-[N|(z) - F(2), (6.5)

where P is a probability that a pair of a nitrogen and a vacancy forms a NV

center (assuming that there is a sufficient amount of both nitrogen and vacancy
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Figure 6.12: Vacancy distribution C(z) at a certain annealing time. The total amount of va-
cancies that diffuse at depth z, F(z) = ["C(Z')dZ is shown as a shaded area. Original data
presented in Ref. [156].

in the diamond, and that neither of them is a limiting factor for the NV center

formation). From definition, F(z) can be expressed as (see Fig. 6.12)

F(2) :/ZDOC(Z/)dZI
= ZN/Oo G(Z)d7

<

where Erfc is a complementary error function. Define n as the number of NV

centers (per unit scanned area) in a layer between the bottom depth at z; and the

top depth at z;, which can be calculated by taking an integral of Equation (6.5)
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from z; to 22,

"= / NV
=P-[N] /ZZF(Z')dZ'

=P-[N](H(z1) —H(z2)), 6.7)

where the nitrogen concentration is assumed to be constant in the layer ([N](z) ~

[N]) and H(z) is an integral of F(z),
H(z) = /wF(z’)dz'. (6.8)

Solving the integral of Equation (6.8) is non-trivial and it should be solved nu-
merically. As the nitrogen concentration in the >N doped layer is estimated
to be 0.8 x 10'® cm™3 by the experimental results of the SIMS measurements,
and the specification of the substrate nitrogen concentration is 5 ppb given by

Element 6,

[N =0.8x10"%cm™3 (6.9)

["*N] = 5ppb = 0.8 x 10'® cm 3. (6.10)

Since the sample contains a "N doped layer between depths of 51 nm and
102 (=2 x 51) nm, and the depth of the substrate being 153 (= 3 x 51) nm,

the number of doped NV centers (!°n) and substrate NV centers ('*n) per unit
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scanned area can be expressed as,

Pn=P-[°N](H(z0) — H(220)) (6.11)
“n=P-["N](H(32)), (6.12)
where
51 nm
— 6.13
20 o2 (6.13)

is the normalized depth. Of 26 NV centers measured in column F and G of the
aperture sample, 23 NV centers (88 %) are doped PNV centers. This result is

used to form an equation that links Equations (6.11) and (6.12), which is
5,14 =88 : (100 —88). (6.14)

Solving this equation by substituting Equations (6.6) and (6.8) - (6.13), the nor-

malized depth is calculated to be
z0 = 0.27, (6.15)
which leads to a vacancy diffusion length of
o = 134 nm. (6.16)

Now, errors in the vacancy diffusion length are estimated, which arise
from the error of finding doped >NV centers due to a limited number of scanned
NV centers. The average probability, p, of finding a doped NV center is esti-

mated from the posterior distribution of p for 23 doped and 3 substrate NV
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Figure 6.13: Calculated distribution of probability p of finding doped NV center, estimated by
measurement results of 23 doped and 3 substrate NV centers. The distribution takes a form of a

binomial distribution. Original data presented in Ref. [156].

centers assuming a uniform prior distribution, which takes a form of the bino-

mial distribution (Fig. 6.13),

26 _
B(p) = (23) pP(1—p)62), (6.17)
where (Z) = k'(:—lk') From this distribution, p is inferred to be 88;}% % where

the errors are quoted as the 95 % confidential interval. The distribution of p,
B(p), is projected to a distribution of vacancy diffusion length &, D(c) by the
following procedure. First, a sample size of M of numbers for p are generated
whose occurrence is weighted by B(p) using the inverse transform sampling.
Then, the corresponding vacancy diffusion length ¢ is calculated for each p,
resulting in a distribution for o, D(o), as shown in Fig. 6.14 (a sample size

M = 1.2 x 10° is used). The mean (Gyeqn) and errors (Oupper » Olower) Of the
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Figure 6.14: Distribution of diffusion length projected using the distribution of finding doped

NV center (p). The sample size used for this calculation is M = 1.2 x 10°. Original data
presented in Ref. [156].

vacancy diffusion length are calculated from this distribution by the following

equations,

Gmax
Y. oD(o)
Omean = ((,)max ;
Y. D(o)
0
Oupper
Y. D(o)
— >97.5 %,
Y. D(o)
0
Olower
Y. D(o)
S <2.5%,
% D(o)

(6.18)

(6.19)

(6.20)

where 0,4, is a cut off length, for which a reasonably large number should be

chosen (500 nm for this plot). The results are converged with a large number

of M, and for the distribution shown in Fig. 6.14, they are G0, = 153 nm,
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Oupper = 276 nm and Oy, = 86 nm, or in another expression, the estimated
vacancy distribution is ¢ = 153fé%3 nm. A relatively large error is due to the
limited number of NV centers measured, which makes a large error in estimat-
ing p.

As a cross check, the calculated vacancy diffusion length is much larger
than the initial depth of vacancies by '>C implantation (8.0 6.1 nm for the
7 keV acceleration voltage), which confirms the assumption that the vacancies

are initially localized near the surface.

6.7.2 Localization volume

A three-dimensional volume beneath the apertures wherein NV centers are
localized is calculated using the estimated vacancy diffusion length. Assuming
that the vacancies diffuse isotropically in the diamond crystal, the volume into
which the vacancy can diffuse is defined as a downward hemisphere with a
radius of the vacancy diffusion length ¢ and its center located at the surface
where the vacancy is initially created by the implantation (see Fig. 6.15(a)).
For a case of implanting through an aperture of radius r, vacancies are initially
created uniformly inside the aperture and the volume that the vacancies can
diffuse is a superposition of the hemispheres. The localization volume of NV

centers by the aperture implantation is therefore the overlapping volume of the
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Figure 6.15: (a) Schematic of the volume that vacancy can diffuse assuming the isotropic
diffusion and the diffusion length of ¢. The vacancy is assumed to be initially created at the
surface by the implantation. (b) Schematic describing the localization volume of the aperture
implantation technique (dark red). The nitrogen doped layer is denoted by red and the surface
mask is yellow. See main text for the definition of five points, O, A — D. Original data presented

in Ref. [156].

hemispheres and the nitrogen doped layer, shown as a dark red region in Fig.
6.15(b).

For a detailed analysis, define z axis normal to the sample surface pointing
deeper in the diamond crystal with its origin O locating at the center of the
aperture at the surface. Other four points are defined as A: straight below O at
depth z, B: the edge of the aperture in the considered plane, C: straight below B

at depth z, D: BD = o at depth z (see Fig. 6.15(b)), which lead to

CD=r(z) =V 0?22, (6.21)
AC = OB = ry, (6.22)

AD =R(z) =V 62— 22 +r. (6.23)

The localization volume V' can be calculated by taking an integral of a circle
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of radius R(z) over the depth of the nitrogen doped layer between z; and z»
(21 < 22),
V=n / Z2R(z)zdz, (6.24)
21
where z; = 51 nm and 7z = 102 nm for the specific sample structure (n.b.
the integral is taken up to ¢ when ¢ < 7). Substituting o with the esti-
mated Gjueun = 153 nm, the localized volume for column G is calculated to
be V = 5.6 x 10° nm?>, or (179 nm)>.
The corresponding nitrogen to NV center conversion efficency ([NV]/[N])

can be calculated by the following equation,

NV A
o~ (€2

where ['°N] = 0.8 x 10'® cm™ is the dopant concentration in the nitrogen dop-
ing layer (Equation (6.9)), A = 0.88 is the mean number of localized NV centers
for column G. The conversion efficiency is calculated to be 1.9 % using the lo-
calization volume V calculated above.

The results presented in Section 6.5.1 suggests that the conversion effi-
ciency increases with the '>C implantation dose. Although the implantation
dose is increased by three orders of magnitude from 10!° cm~2 (see Fig. 6.5)
to 1013 cm™2 (the aperture sample), the conversion efficiency increases only by
an order of magnitude from 0.16 % to 1.9 %. This discrepancy can be partially

explained by the shadowing effect of the masks as the incident angle of the 12C
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Figure 6.16: Calculated conversion efficiency (left) and localization volume (right) as a func-

tion of vacancy diffusion length. Original data presented in Ref. [156].

ions is 7 degrees tilted normal to the surface, but more importantly due to the
estimation of the localization volume, which is sensitively affected by the errors
in the vacancy diffusion length.

In order to see the error range of the conversion efficiency, Fig. 6.16 shows
plots of the conversion efficiency (left) and the localization volume (right) as a
function of vacancy diffusion length. The calculation is based on Equations
(6.23) - (6.25), using fixed values of rp = 114/2 nm, and A = 0.88 to show an
example for column G. The conversion efficiency saturates below 10 % when
the diffusion length o is greater than 90 nm, but it rapidly increases up to several
tens of percent when o < 70 nm due to a monotonic decrease of localization
volume. These results suggest that a precise estimation of the vacancy diffusion
length is important to calculate the conversion efficiency, which is constrained
by the limited number of measured NV centers in the aperture implantation ap-

proach. In order to give more precise estimation of the conversion efficiency,
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Figure 6.17: Sample structure and process flow of the nanometer-scale pillar sample. Original

data presented in Ref. [156].

NV centers should be localized within a more definitive volume such as inside

the nanometer-scale pillars, which is further explored in the next section.

6.8 Nanopillar approach for 3D localization

6.8.1 Nanoplillar sample preparation

As an alternative approach for the 3D localization, a single NV center is
localized within a nanometer-scale pillar. Figure 6.17 shows a process flow of
the nanopillar sample. The sample consists of a 51-nm thick '?C buffer layer, a
nitrogen doped layer of 51 nm thick (doping gas flow: 50 sccm), and a '>C cap
layer (also 51 nm). It should be noted that natural N, gas (1N =99.6 %) is used
to dope for this sample. The use of natural nitrogen doping gas leaves questions
whether measured NV center is located within the pillar or in the substrate. Af-
ter the growth, the entire surface is '2C implanted at an implantation energy of

7 keV and a dose of 10'3 cm™2 with the incident angle 7 degrees tilted normal
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to the surface. The sample is then annealed at 850 °C for 2 hours in a Hy/Ar
forming gas atmosphere, followed by a perchloric acid mixture cleaning process
before fabricating Ti/Pt coplanar waveguide using a standard optical lithogra-
phy technique. Subsequently, the sample is spin coated by negative EB resist
hydrogen silsesquioxane (HSQ) diluted by an equal volume of methyl isobutyl
ketone (MIBK) at 4000 rpm for 30 seconds, followed by a 3-minute bake at 95
°C. A 30 A of Cr layer is deposited prior to the EB patterning. The EB lithogra-
phy process is done by NPGS of the FEI Sirion SEM in the Nanofab, using an
acceleration voltage of 30 kV, a dose of 650 C/cm?, and a spot size of 3. The
EB pattern consists of a 2D array of circles of nominally 200 (and 150) nm in
diameter spaced by 1 um in each direction. The 2D array spreads over a 60 um
x 60 um area in a crook of the coplanar waveguide [10] in order to couple NV
centers with AC magnetic field generated by microwave to manipulate spins
(one crook is for the 200-nm diameter array and another crook for the 150 nm).
After developing the pattern using Tetramethylammonium hydroxide (TMAH),
nanopillars are formed by O, plasma etching for 5 min. using a standard recipe
of an induction-coupled plasma reactive ion etching (ICP-RIE) system.

Figure 6.18 shows SEM images of the processed nanopillars. From these
images, the diameter of nanopillars is measured to be 150 and 80 nm for the

nominal design of 200 and 150 nm, respectively, and their height is measured
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Figure 6.18: SEM image of an array of 150 nm (a) and 80 nm (b) nanopillars. Data adapted
from Ref. [156].

to be 400 nm. These two types are called 150 nm (80 nm) nanopillars hereafter.
The nanometer-scale masks on top of the pillars are removed using buffered HF

prior to measurements.

6.8.2 Average NV center number localized in the nanopillar

Figure 6.19 shows a surface confocal image of an array of the 150 nm
nanopillars, displaying a patterned PL from NV centers confined in the nanopil-
lars. The dark area on the left bottom and top of the figure is the coplanar waveg-
uide. The numbers of NV centers localized in each nanopillars are counted by
measuring the number of characteristic dips in CWESR scans. The results of
finding n NV centers per nanopillar (n =0, 1,2,3) measured from 49 of 150 nm
nanopillars are shown in Fig. 6.20(a). The data are shown in blue and a fit to
Poisson distribution is shown in red. The mean value of A = 1.33 NV centers

are localized per nanopillar.
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Figure 6.19: Surface confocal scan of 150 nm nanopillars, showing a patterned PL from NV
centers localized in nanopillars. The featureless area in the left bottom of the image corresponds

to a co-planar waveguide. Original data presented in Ref. [156].

The localization volume is calculated to be 8.8 x 10° nm?3, or (96 nm)3,
based on the diameter of the nanopillar of 150 nm and the thickness of the ni-
trogen doped layer of 51 nm. Assuming that the nitrogen dopant concentration
is independent of nitrogen doping gas flow and is 0.8 x 10'® cm™3 (see Section
6.5.1), the nitrogen to NV center conversion efficiency is calculated to be 19
9%, which is about an order of magnitude larger compared to the result of the
aperture approach (1.9 %). The discrepancy between these results is likely due

to an overestimation of localization volume in the aperture approach.
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Figure 6.20: Histogram of NV centers per nanopillar for 150 nm (a) and 80 nm (b) nanopillars.

Fits to a Poisson distribution of each data are also shown. Original data presented in Ref. [156].

In order to obtain a deep insight of the NV localization volume in the
nanopillar sample, the measurements are repeated for the 80 nm nanopillars.
Figure 6.20(b) shows a histogram of the number of NV center localized per
nanopillar, measured from 30 of the 80 nm nanopillars. The results are again
fitted by Poisson distribution and a mean value of A = 0.27 NV centers are
localized per nanopillar of the smaller diameter. The estimated localization vol-
ume and the conversion efficiency are 2.5 x 10° nm>, and 14 %, respectively.
If the number of localized NV center (nyy) is proportional to their localization
volume (Vv ), the conversion efficiency is independent of Vyy. However, the
conversion efficiency of the 80 nm nanopillars is smaller than that of the 150 nm

pillars. Moreover, the resulting number of localized NV centers for the 80 nm
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nanopillars are smaller than an expected value assuming this proportionality,

nyom — (.27

80nm
150nm VN |4

<y Y 30mm

2.5 % 10° nm?
=133 """ " —0.38. 6.26
8.8 x 105 nm3 ( )

These results suggest that NV centers near the sidewall of the nanopillars are
depleted either due to charge instability near the surface or the process damage.
The thickness of the depleted area (x) can be estimated using the proportionality

assumption (nyy =< Vyy),
m(150/2 —x)? x 51 : w(80/2 —x)* x 51 = 1.33: 0.27. (6.27)

Solving this equation with a reasonable assumption that x < 40, the depleted
area thickness is estimated to be 11 nm, which is consistent with the depth
that the NV center spin coherence properties are subject to the surface effects
[132]. If the depleted area is taken into account, the effective localized volume is
calculated to be 6.4 (1.3) x 10° nm? for the 150 (80) nm nanopillars, resulting in
a converged value of the conversion efficiency of 26 %. As seen, the conversion
efficiency is very sensitive to the estimation of the localized volume. However,
the results suggest that the nitrogen doping technique combined with the '>C

implantation could lead to a high yield creation of localized NV centers.
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Figure 6.21: Spin coherence times 75 of five NV centers localized within nanopillars. Each data
set corresponds to NV center from a single pillar. Uncertainties are quoted at 95 % confidence.
The bulk ensemble 7> measured prior to the sample fabrication process is shown as a dotted

line. Original data presented in Ref. [156].

6.8.3 Spin coherence of NV centers localized in the

nanopillar

Figure 6.21 shows spin coherence times 7> of five NV centers localized
within the 150 nm nanopillars, measured using the Hahn echo sequences. These
NV centers are selected from the nanopillars showing a single pair of dip char-
acteristic to NV centers in CWESR scans. The longest 7, = 69 4- 10 us is mea-
sured, along with two very short 7> times of 4 &1 and 2+ 1 us. The scattering
of T results may be explained by the non-uniform nature of the ion implanta-
tion, but may also be caused by the uncontrolled proximity of NV centers to

the sidewall within the nanopillar. However, the bulk ensemble measurement

191



prior to the nanopillar fabrication results in 7, = 96+ 20 us, suggesting that the

substrate quality variation could also affect the 75 times.

6.9 Conclusion and outlook

Three-dimensional localization of a single NV center with sustained spin
coherence is presented. The nitrogen delta-doping technique is used to de-
fine the depth direction of NV centers, while '>C ion implantation through
nanometer-scale apertures creates spatially localized vacancies to control the
in-plane position of NV centers. The vacancies diffuse during a subsequent
annealing process to activate NV centers. In this way, a single NV center is lo-
calized in a nanometer-scale volume of ~ (180 nm)? at the three-dimensionally
deterministic position. The localized single NV centers show spin coherence
times, 7>, longer than 300 us on their average, and reach as long as ~ 500 us.

The presented localization volume is comparable to the scale of many
kinds of NV-based diamond nanostructures, encouraging the integration into
these devices. For example, the mode volume of diamond photonic cavities is
reported to be a fraction of (A/n)?, where A = 637 nm is the wavelength of
the zero phonon line of NV centers, and n = 2.4 is the refractive index of dia-
mond [152, 153]. The deterministic position control of the NV center photon

source is a very important challenge to improve photonic cavity performances,

192



and the growth-based localization technique is promising as it is compatible to
the monolithic diamond approach, although optical coherence measurements of
the localized NV centers are the important next step for this application.

Moreover, scaling down diamond-based mechanical resonators to sub-um
size is an important challenge towards demonstrating coherent spin couplings
mediated by phonons [66, 69]. The localization technique presented in this
chapter is particularly promising for this application as the delta-doping is capa-
ble of controlling the depth of NV centers at nanometer scale, which is critically
important to maximize the strain induced onto the NV center in the resonator.

The nitrogen to NV center conversion efficiency is calculated to be 1.9

% for the aperture localization method, and it is shown that the estimation is
sensitive to the errors in vacancy diffusion length due to a limited number of
NV centers measured to probe the vacancy diffusion depth. Localization of NV
centers into nanometer-scale pillars gives a more precise way to estimate the
conversion efficiency as the localization volume is well defined by the sidewall
of the pillars. The conversion efficiency in the nanopillar is calculated to be 26
%, suggesting that the '>C implantation technique could result in a high yield
creation of NV centers.

Although results presented in this chapter are mainly focused on the sin-

gle NV center applications, the resulting highly efficient creation of NV centers
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could lead to a multiple NV-center spin entanglement through a proximal mag-
netic dipole interaction. Several approaches for this goal were demonstrated in-
cluding using a high energy (2 MeV) nitrogen ion implantation with nanometer-
scale apertures [55], and nitrogen ion implantation (20 keV) in combination
with '2C implantation [159]. The technique presented in this chapter could
provide a complementary approach with the sustained spin coherence of NV
centers facilitated by using the nitrogen-delta doping technique, which is a crit-
ical requirement to achieve better coupling between multiple spins.

Finally, the nitrogen incorporation and vacancy diffusion in diamond are
discussed in this chapter. Although some questions are addressed, understand-
ing these mechanisms requires further studies as it is critically important to
control the 3D localization volume and the conversion efficiency. Some of the
important questions yet addressed are: In what N, doping gas flow regime, can
the nitrogen incorporation be controlled by the flow rate? Can spin coherence
times be extended by reducing the nitrogen incorporation using an extremely
low N, doping gas flow? Can any important parameters for vacancy diffusion
such as diffusivity be estimated [160]? Can the vacancy diffusion length be
controlled such that only NV centers in the nitrogen doped layer are activated?
These engineering questions have to be answered in order to enable better con-

trol of materials using the '2C implantation technique.
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Chapter 7

Recent results

7.1 Nanometer-scale magnetic resonance imaging

(nanoMRI)

The nanoNMR technique discussed in Chapter 5 is extended to two-dimen-
sional nanometer-scale magnetic resonance imaging (2D nanoMRI). An organic
sample containing an ensemble of protons is attached to a quartz tuning fork
and scanned over a diamond sample containing a near-surface NV center. An

in-plane spatial resolution of 12 nm is demonstrated [161].

7.1.1 Sample preparation

A 50-nm thick '>C diamond film is grown on top of an electronic grade
(100) diamond substrate. The diamond substrate is thinned down to 160 um

and polished prior to the growth in order to compensate the spherical aberration
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for the optical access from the backside of the sample. To create shallow NV
centers, >N ions are implanted at an energy of 2.5 keV followed by an anneal-
ing process for six hours at 850 °C in vacuum. The sample is then treated by
an perchloric acid treatment and heated at 425 °C in pure oxygen for two hours
[162] in order to remove the graphitic layer and to oxygen-terminate the sur-
face. The NV centers used in the measurements are located between 5 to 10 nm
below the surface, displaying 7> ranging from 7 to 15 us.

Reducing the organic sample volume is important to minimize the back-
ground luminescence from the contamination on the organic sample. For this
purpose, a fiber of poly(methyl methacrylate) (PMMA, molecular weight ~
996k) is used as an organic sample containing dense protons (py ~ 57 nm™3).
The 10 um-long PMMA fiber terminating with an end radius of curvature be-
low 1 um is formed at the end of a tapered glass capillary (4 gm in diameter),
which is glued to one prong of a commercially available quartz tuning fork (Fig.

7.1).

7.1.2 Scanning the sample

The mechanical positioning of the sample is controlled by piezoelectric
devices (Attocube ANPx51 and ANPz51), enabling sub-nanometer scan reso-

lution according to the product specification. In reality, the spatial resolution
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Figure 7.1: Experimental setup for 2D nanoMRI. (a) Schematic of the sample structure and
the scanning system. An organic PMMA fiber sample is formed at the end of a tapered glass
capillary, which is glued to one prong of a quartz tuning fork. (b) Optical micrograph of the
PMMA sample. (c) Schematic of the multi-pulse spin echo XY8-96 sequence. When the inter-
pulse period 7 coincides with a half period of the proton Larmor frequency, the proton magnetic
field is constructively accumulated to disturb the NV center’s spin coherence signal. Original

data presented in Ref. [161]
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of the measurement is ~ 12 nm limited by the thermal drift and creep during
the long duration of the scans. In order to minimize the positioning error, the
system is placed in a box to carefully control the temperature within 0.1 °C.
Additionally, the sample position with respect to the NV center is periodically
monitored by taking reflection images of the diamond surface showing a dark
dot where the sample is in contact with the surface. These reflection images
are correlated with the fluorescence images of the NV center, enabling to mon-
itor the relative sample position to the NV center with a precision of about 10
nm. The proton spin signal from the PMMA sample is measured by the single
NV center as a function of the sample position while the sample is stepped in
a raster pattern on the diamond surface within a lum X 1um area near the NV
center.

Precise measurements of the tuning fork frequency allow for careful mon-
itoring of the distance between the PMMA sample and the diamond surface.
During the NMR measurement at each position, the PMMA sample is in a gen-
tle contact to the surface, and then the sample is lifted up before moving to the
next measurement position and reapproached to the surface at the new position.
In this way, the wear of the organic sample and the diamond surface contami-
nation are minimized. It takes 4 minutes to take data at each point including 3

minutes of the NMR signal acquisition and 1 minute for monitoring the sample
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position and the approach-retraction process.

7.1.3 Spin echo measurements

The proton magnetic field signal originated from the Larmor precession
of the ensemble proton spins is detected by the multi-pulse XY8-96 spin echo
sequence [163]. The coherence signal of the NV center C(7) is optically de-
tected while the inter-m-pulse period 7T is swept. The proton magnetic field
signal is constructively accumulated to disturb the NV center coherence when

T is matched to the half of the Larmor precession period,

T=1=1/12f1), (7.1)

where f; = (7¥,/2m)By is the Larmor frequency with y,/27 = 42.56 MHz/T
being the gyromagnetic ratio of the proton spin. Under the external magnetic
field of By = 36.6 mT applied along the NV center symmetry axis, f; = 1.64

MHz and 77, = 305 ns.

7.1.4 Proton NMR measurements

The proton NMR results when the PMMA sample is in contact (blue) and
retracted (black) are shown in Fig. 7.2. The NV center coherence dip is ob-
served at the expected T ~ 77, suggesting that the proton signal is acquired. The

dip position is shifted as expected when the external field is changed (data not
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Figure 7.2: Proton NMR measurements. The NV coherence signal is measured as a function
of the inter-pulse period T when the sample is in contact with (blue) and retracted from (black)
the diamond surface. A clear NMR dip is observed for the both cases when 7 is matched with a
half period of the proton Larmor frequency under the external magnetic field of By = 36.6 mT.

Original data presented in Ref. [161]

shown), which further confirms that the signal is originated by the proton spins.
Interestingly, the coherence dip is also observed at the same T when the sam-
ple is retracted, suggesting that the diamond surface is permanently covered by
a thin layer containing protons, likely due to adsorbed water or hydrocarbons.
Still, the difference in the coherence dip is clearly observed, which is attributed
to the magnetic signal from protons in the PMMA sample. The sharpness of
the observed dip is due to the narrow bandwidth of the proton spin precession,
typically on the range of 10 - 50 kHz for organic solids at room temperature. In
addition, the effective filter bandwidth of the multi-pulse sequence is inversely
proportional to the number of & pulses N (~ 1/Nt, where N = 96), allowing

for a narrow frequency selectivity.

200



Another advantage of the use of the multi-pulse sequence is that it decou-
ples the NV center spin from the spin noise of the environment, resulting in an
extension of 75 from 7-15 us to ~ 50 us, allowing for the total echo sequence

time increased up to NT ~ 30 us

7.1.5 2D nanoMRI

In order to distinguish the proton magnetic signal from other sources of
spin decoherence, such as randomly fluctuating electron spins on the surface
of the diamond [132] or the PMMA sample, the background spin decoherence
signal is computed by taking an average of two NV center coherence signals

measured at 71, + AT,

C()(”L'L) = [C(TL—FA‘E) +C(TL —A‘L’)] , (7.2)

1
2
where AT = 32 ns is selected to be large enough such that the additional mea-
surement points are outside of the bandwidth of the proton NMR signal.

The nanoMRI data is acquired by measuring the proton signal as a function

of the point (x,y), defined by

C(t)
C()(TL).

s(x,y)=1— (7.3)

Line scans of NMR signal as a function of the lateral position are shown

in Fig. 7.3. A step-wise function of the NMR signal is clearly observed when
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Figure 7.3: Line scans of the NMR signal as a function of the lateral position (100 nm per
division). Plateau features are observed when the sample is passed above the NV center. Step
heights corresponds to a proton field of ~ (300 nT)?. The in-plane resolution is 12 nm based on
the sharpness of the single step. Successive scans in the figure are displaced vertically by two

divisions. Original data presented in Ref. [161]

the sample passes above the location of the NV center. Plateau features seen
in some of the scans are because of the large volume of the PMMA sample
compared to the detection volume of the NV center (roughly 10 nm x 20 nm
x 5 nm). From the height of the steps compared to the standard deviation of
the baseline, the signal-to-noise is estimated to be ~ 6, limited by the photon
shot noise. The spatial resolution is estimated to be 12 nm from the sharpness
of the signal step, limited by the thermal drift and creep of the scanning system
becoming worse due to the long duration of the scans (taking 3 hours for one

line scan).
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2D NMR images are taken by repeating the line scans with a small dis-
placement in the orthogonal direction. Shown in Fig.7.4 are two images from
two different PMMA samples with two different NV centers. Height in the
images is proportional to s(x,y). These images demonstrate the 2D nanoMRI

operating at room temperature.

7.1.6 Proton magnetic signal

In this subsection, the proton magnetic signal is estimated based on the
data shown in Fig. 7.2 for both cases when the PMMA sample is in contact to
and retracted from the diamond surface.

For the multi-pulse echo sequence, the loss of spin coherence in the pres-

ence of Gaussian randomly fluctuating magnetic field can be expressed as

C(’F) = exXp [_X<T>N)] ) (7.4)

where 7 is the inter-7-pulse period, N is the number of 7-pulses and J is the

decoherence functional [164] given by

2 e F(w;T,N
2w =L [ dos(@) T, 7.5)

where y/27 = 28 GHz/T is the gyromagnetic ratio of the NV center, S(®) is the
power spectral density of the magnetic noise and F (®; T, N) is the filter function

describing the bandpass filter profile specific to the echo sequence, which can
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Figure 7.4: Two-dimensional NMR images. Images in (a) and (b) are taken for different
PMMA samples by different single NV centers. Height in the image is proportional to s(x,y).
Images are rendered using the commercially available software (VXsM, from Nanotec). Origi-

nal data presented in Ref. [161]
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be written as

(7.6)

F(®;,N) = 8sin’ <“’NT> sin®(@7/4)

2 ) cos?(wt/2)
for the X'Y8-96 sequence.

The decoherence of the NV center spin is caused by the proton magnetic

signal and the background noise, which can be written as

X(TaN) :XH(T7N)+ng<TJN)7 (7.7)

where x,(7,N) is the contribution from the proton spin and Y, (7, N) represents
the all background contribution. Combining Equations (7.3), (7.4) and (7.7),

and assuming that the ,(7,N) is small, the proton NMR signal is given by

., C(uw)
s(xy) =1 Colm)
P [— [21(T,N) + Xpg(T,N)]]

eXp [_ng(TvNﬂ
=1—- exXp [—Xn(va)]

%xn(TaN)v (78)

where x,(7,N) can be calculated by substituting the following equation into

Equation (7.5),

S(w) = B%ms\/;f_z (exp {—%} +exp {—%D . (1.9)

where S(w) is the proton spectral density, B, is the root-mean-square (rms)

proton magnetic field, @y is the proton Larmor frequency. The Larmor pre-
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cession of the ensemble proton spin is assumed to have a Gaussian spectrum
characterized by the parameter o that is related to the FWHM linewidth of the

proton NMR Af through an equation,

~ 2.67Af. (7.10)

Plugging in measurement parameters of N = 96, T = 304 ns, fr = 1.645 MHz,
and Af = 20 kHz, the rms proton magnetic field for the in-contact (s ~ 0.65) and
the retracted (s ~ 0.4) cases are calculated to be 485 nT and 330 nT, respectively.
The larger signal compared to the nanoNMR results discussed in Chapter 5
(Byms = 12 nT) is mainly due to the closer proximity of the NV center to the

surface in this experiment.

7.1.7 Thickness of the proton containing layer

The calculated rms proton magnetic signal is used to estimate the depth of
the NV center and the thickness of the proton containing layer.

Proton spins are assumed to precess about the external magnetic field axis
7/, which is applied parallel to the NV center symmetry axis / (111). The
multi-pulse echo sequence measures the proton magnetic field caused by the
perpendicular components of the proton moment (m, and m,/) precessing at
the Larmor frequency. For the NV center located at (0,0, —d), the NV center

symmetry axis component of the magnetic field caused by a proton located at
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(x,y,z) can be written as

B2 = M (%m0 +9my(0) 6] (7). (D

where Llg = 47 x 1077 Vs/Am is the vacuum permeability, &', $' and 2’ =
(1/V/3) (k+3§ +2) constitute an orthonomal basis, £ = — (xX +y§ + (z+d)2)
is the vector from the proton to the NV center and r is the distance between two.

For the random, unpolarized protons, the mean square field is given by

By = {(B-)) = (200) (r-2) [(m2) (¢ 1)+ (m2) (¢ )]
(7.12)

From the quantum mechanics, the expectation value for <m2> is
(m?)y =m*ye (P) = P11+ 1), (7.13)
where [ is the spin angular momentum operator. Since the proton has I = 1/2,
2 3.2
<m>zzhﬁ. (7.14)

For unpolarized nuclei, each orthogonal component takes 1/3 of this value, lead-
ing to

@#}:%#ﬁ. (7.15)

W[ =

(i) = () =
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Substituting this equation to Equation (7.12) leads to a point spread function,

B%ms(xvyv Z) =

2 (Noun>2 ( (x+y+z+d)? (P H+d) —xy— (x+y)(z+d)),

an Y+ (z+d)?)

(7.16)

where u, = iy, /2 = 1.41 x 10726 J/T is the magnetic moment of the proton
spin.

The mean square proton field from the surface proton layer of thickness £

can be calculated by taking an integral of Equation (7.16),
h oo 0o
B}%ms = pN/ dZ/ dy/ dXB%ms(xvy7Z)
0 0 0
5 Holln ) 2 1 1
=— —— | 5= 7.17
247:( an ) Pl \arn? )| 7.17)

where py = 57 nm™3 is the proton density. Figure 7.5 plots the rms proton

magnetic signal B, as a function of the NV center depth, d. The red curve
shows the result of an infinitely thick layer (7 — o) corresponding to the case
of the PMMA sample in contact with the diamond surface. As discussed in the
previous subsection, the in-contact rms proton signal is B conact — 485 nT,
which corresponds to d = 6.8 nm according to the plot. The calculated NV
center depth is within the expected range of 5 - 10 nm based on the nitrogen

implantation energy. The curve is shifted downwards with a smaller finite value

of h. The parameter & can be varied to find a value corresponding to the retracted
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Figure 7.5: RMS proton magnetic signal B,,,; as a function of NV center depth (d). Two
curves are for a proton containing layer on the surface infinitely thick (red) and # = 1.6 nm
thick (black). From the proton NMR measurements shown in Fig. 7.2, B,,; is calculated to
be 485 and 330 nT for the in-contact and retracted cases, represented by the horizontal dotted
lines. The NV center depth is estimated to be d =6.8 nm (represented by the vertical dotted
line) from the intersection of the in-contact dotted line and the red curve. Data adapted from

Ref. [161]

rms proton signal Bréirac’ed — 330 nT at d = 6.8 nm, resulting in a proton layer

thickness of # = 1.6 nm.

7.1.8 Outlook

Towards the ultimate goal of 3D nanoMRI, reduction of the data aquisition
time is a critical challenge, as the increase of the dimension of MRI requires

more data points. One approach to reduce the acquisition time is to take advan-
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tage of the S = 1 nature of the NV center spin [165]. The use of a superposition
state of my =-1 and +1 can accumulate a spin phase from the external field twice
as fast compared to the conventional magnetometry schemes using a superpo-
sition state of my; = 0 and +1 (or -1). Using this double quantum method, the
signal-to-noise (SNR) ratio of the detection of proton NMR signals is improved
by a factor of 2, corresponding to a 4x reduction of the data acquisition time.
The SNR is predicted to be as large as a factor of 4, implying a potential aver-
aging time reduction by a factor of 16.

Further reduction of the NV center depth with preserved spin coherence
is an everlasting desire for increasing proton NMR signals. Some preliminary
results of extremely shallowly doped NV centers are presented in the next sub-
section.

It is also important to understand the origin and the mechanism of the sur-
face spin noise that degrades the spin coherence of near-surface NV centers. A
recent experimental work shows that the bath of electron spins on the surface
has a correlation rate much faster than the bulk nitrogen electron spin bath, and
that the surface spin noise can be decoupled by a multi-pulse echo sequence
with a shorter inter-7-pulse period [132]. Combining shallow NV center cre-
ation with the effective decoupling technique will be a promising approach to

further improve the proton magnetic field sensitivity.
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Finally, the existence of a proton containing layer on the surface is re-
vealed, opening up new questions of its origin and the way to get around these
background proton spins, an interesting topic in the field of surface physics and

chemistry of diamond.

7.2 Extremely shallowly doped NV centers

Since shallow and coherent NV centers are one of the critical requirements
for extending the proton imaging capabilities, it is important to explore the limit
of depth d and 7 of shallow NV centers. In this section, spin properties of

extremely shallowly doped NV centers with d < 3 nm are investigated.

7.2.1 Sample preparation

Four '2C diamond samples each containing a single nitrogen delta-doped
layer are grown. Their cap layer thickness is either c = 0.5+0.2 or 2.1 +0.8
nm (two samples are grown for each ¢). After the '>C buffer layer growth for 4
hours, nitrogen is doped using a "N, doping gas flow of 30 sccm for 15 min-
utes, corresponding to the nitrogen delta-doped layer thickness ¢t = 2.1 0.8
nm. The average depth of the doped NV centers are therefore d = 1.5£0.6
or 3.1 1.2 nm, where d = ¢ +1¢/2. For simplicity, these samples are here-

after called the 1.5 and 3 nm samples, respectively. All thickness is computed
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Figure 7.6: Hahn echo decay curves of extremely shallowly doped NV centers. (a) d = 1.5 nm

and (b) d = 3 nm. Red lines are the fitting curves.

by using the calibrated growth rate discussed in Chapter 3. In order to form
NV centers, the samples are electron irradiated after the growth, followed by

annealing and acid cleaning with the standard recipe described in Chapter 4.

7.2.2 Spin coherence of extremely shallow NV centers

Despite an extreme proximity to the surface, doped NV centers in these
samples display fairly stable optical properties similar to the ones at d > 5 nm.
The blinking phenomena are not observed and the CWESR spectra of these
extremely shallow NV centers show the characteristic hyperfine dips similar to
the one shown in Fig. 4.7(b).

Figure 7.6 show typical Hahn echo data for the (a) 1.5 nm and (b) 3 nm
samples. From the fits to these Hahn data, 7, = 1.74+0.2 and 3.8 £0.6 us are

measured, respectively. Given the d = 5 nm sample consistently shows 7> > 100
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Figure 7.7: Summary of 7 for extremely shallowly doped NV centers. Each data point cor-
responds to a 7, result from a single NV center. Green and blue data points represent results
from the d = 1.5 and 3 nm samples, respectively. Results from the d = 5 nm sample are also
shown in red (replotted from Fig. 4.17). Open and closed symbols represent data from separate

samples at the same depth.

us, a sharp 7, decrease of almost two orders of magnitude is observed with
a small change of the depth, suggesting that the spin coherence of extremely
shallow NV centers is severely degraded by the surface effect.

In order to derive more statistical information about the spin coherence
of extremely shallow NV centers, T, times of four different NV centers are
measured for each depth, as plotted in Fig. 7.7. The open and closed symbols
for each color represent the data from separate samples of the identical NV
center depth. For comparison, the 75 results of the d = 5 nm sample are also

shown. A sharp drop of 7 is distinct between d = 3 and 5 nm. One outlier
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Figure 7.8: Figure of merit € as a function of d. An average 75 is computed from results of
multiple NV centers at each depth. Error bars are calculated by their standard deviation and

appropriately propagated. The € values are normalized by the result of the d = 103 nm sample.

in the 3 nm sample shows 7, = 163 =61 us, which may be due to this NV
center being located close to the deeper limit of the nitrogen doped layer at
4.3 nm from the surface displaying more similar 7, observed in the d = 5 nm
sample. These results suggest that there may be a critical depth between d = 3
and 5 nm within which another mechanism of the surface effect dominates the
drastic 7> reduction in addition to the first reduction of 7> observed around
d ~ 20 nm (see Fig. 4.16) [120, 132]. Excluding this outlier of the 3 nm sample
from calculation, the average 7, for the 1.5 and 3 nm samples are 3.5 40.2 and
3.6 £0.2 us, respectively showing a similar value, which may be due to the

depth of these NV centers being overlapped within the error.
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7.2.3 Figure of merit

It is instructive to define a figure of merit (FOM) €, which can be used to

measure the performance of NV centers for the external spin sensing applica-

A
g=-1 (7.18)

d3

tions and that should be

as the minimum detectable field of NV centers is proportional to 1/ \/;2 and the
external magnetic field decreases with depth by d°. Figure 7.8 plots this FOM
as a function of the depth of NV centers. Average 75 is computed from results
of multiple NV centers at each depth and the vertical error bars are due to their
standard deviation. The average depth is plotted in the horizontal direction and
the data is normalized by the value of the d = 103 nm sample. The plot shows a
monotonic increase of € as depth is decreased despite monotonic decrease of 73
with depth, suggesting that the depth factor 43 in the denominator is much more
dominant than the spin coherence factor. As the extension of 7> by using the
dynamical decoupling techniques becomes more established and popular, using
a very shallow NV center in combination with the dynamical decoupling tech-
nique should provide a promising way to improve the external spin sensitivity,

ultimately towards the 3D nanoMRI.
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7.3 Deterministic depth control of NV emitters in

photonic cavities

The nitrogen delta-doping technique is used for the deterministic vertical
placement of NV center emitters in photonic cavities. The Purcell enhancement
of NV center PL. with a factor greater than 20 is observed using a photonic
crystal nanobeam of 200 nm thick containing a nitrogen delta-doped layerat

controlled depth [166].

7.3.1 Sample preparation

The sample fabrication process consists of membrane fabrication using He
ion implantation, diamond overgrowth, and electrochemical etching techniques.

An electronic-grade (100) diamond substrate is He-implanted at an energy
of 1 MeV and a dose of 5 x 10'® cm~2 to create a damaged layer at 1.7 um
from the surface. Then, a diamond film is overgrown using a standard PE-CVD
recipe, consisting of a '2C buffer layer of 100 nm thick followed by a 6 nm-
thick >N doped layer ('°N, flow: 10 sccm) and a '?>C cap layer (100 nm). To
form NV centers inside the nitrogen delta-doped layer, the sample is electron
irradiated after the growth (2 MeV, 5 x 10'* cm™2) followed by the standard
annealing and acid cleaning process. A subsequent electrochemical etching

process in pure water selectively attacks the He ion-damaged layer, resulting in
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Figure 7.9: Schematic of the sample preparation process for the photonic crystal nanobeam.
(a and b) A diamond substrate is He implanted creating a damaged layer ~ 1.7 um deep. (c)
The diamond film containing a single nitrogen delta-doped layer is overgrown. (d) A Mesa
structure is defined by photolithography and ICP-RIE. (e) Electrochemical etching results in
lift-off of a thin membrane. (f) The membrane is stamped on a PMMA-coated Si substrate with
the grown film in contact with the PMMA layer. (g) The membrane is thinned down to ~ 200
nm using ICP-RIE. (h) The photonic crystal pattern is drawn using EB lithography on negative
photoresist HSQ. (i) The suspended photonic crystal structure is formed using ICP-RIE. (j) The
photomask is etched off. Original data presented in Ref. [166]

lift-off of a ~ 1.7 um-thick thin diamond membrane from the substrate [167].
For photonic crystal fabrication, the diamond membranes are stamped
on a poly(methyl methacrylate) (PMMA)-coated Si substrate with the over-
grown surface in contact with PMMA. The membrane is then thinned using
O, inductively-coupled plasma reactive ion etching (ICP-RIE) down to a thick-
ness of ~ 200 nm leaving mostly the grown film on top of the PMMA layer. The
photonic crystal pattern is drawn by using electron-beam (EB) lithography on
negative resist (hydrogen silsesquioxane, HSQ), which serves as an etch mask

during a subsequent ICP-RIE etching step. The ICP-RIE process also undercuts
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the PMMA layer, leaving a suspended diamond photonic crystal nanobeam. The

sample fabrication process 1s schematically shown in Fig. 7.9.

7.3.2 Photonic cavity design

The cavity design used in the experiment is a nanobeam with linearly ta-
pered lattice constants in the middle of the cavity, sandwiched by a Bragg mir-
ror on each side. This design allows for a high Q and a small mode volume (V)
simultaneously. Figure 7.10(a) shows a scanning electron microscopy (SEM)
image of the fabricated nanobeam. The width and length of the beam are mea-
sured to be 260 nm and 8 um, respectively from this image. The electric field
intensity profile for the fundamental transverse electric (TE) mode is plotted in
Fig. 7.10(b) and (c) using a finite-difference time-domain (FDTD) simulation.
According to the simulation, Q ~ 270,000 is predicted for the fundamental TE
mode of the cavity and the mode volume is calculated to be V ~ 0.47(A /n)?.
The measured Q value from the processed device used in the experiment is as
low as 7,000 based on the photoluminescence (PL) linewidth of the cavity mode.
The discrepancy is likely due to imperfection of the device process. It should
be noted that Q ~ 24,000 is measured in a separate cavity. Despite reduction of
the measured Q values, this nanobeam design still makes use of its small mode

volume.
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Figure 7.10: (a) SEM image of the fabricated photonic crystal nanobeam. The black line
corresponds to 1 um. FDTD simulations of the (b) in-plane and (c) vertical electric field profile
of the fundamental transverse electric (TE) mode of the nanobeam. Original data presented in

Ref. [166]

7.3.3 Estimation of the Purcell enhancement

PL emission of NV centers in a photonic cavity can be resonantly enhanced
through increasing their spontaneous emission rate by coupling NV centers with
the cavity mode. For an ideal spatial and spectral overlap of NV centers to the

cavity mode, the PL emission enhancement is proportional to the Purcell factor,

3
Fr (’l> 0 (7.19)

Tam2\n) V'

where A = 637.8 nm is the NV center’s zero phonon line (ZPL) wavelength,
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Figure 7.11: Two-dimensional plot of PL scans as a function of the nitrogen gas injection step
(vertical axis). The cavity mode red-shifts across the NV center’s ZPL wavelength (637.8 nm)
during the multiple steps of the nitrogen gas injection. Single PL scans of the step 28 (off
resonance), 54 (on resonance) and 67 (off resonance) are shown to the right. Original data

presented in Ref. [166]

n = 2.4 is the refractive index of diamond.

PL enhancement at the ZPL wavelength is observed by tuning the cavity
mode frequency via injecting nitrogen gas into the cryostat. By carefully con-
trolling the nitrogen gas flow, the red-shift of the cavity mode wavelength can
be tuned by ~ 0.07 nm per injection step. Figure 7.11 shows cavity mode shift

passing across the ZPL wavelength as a function of the injection step. When the
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Figure 7.12: Time-resolved PL intensity of the NV centers on resonance (black) and off reso-
nance (green) to the cavity mode. The blue curve is for the NV centers in the membrane without
photonic structure fabrication. Red dotted lines are fitting curves according to the double ex-
ponential decay model. The longer decay component of each fit curve is used to estimate the

photon lifetime. Original data presented in Ref. [166]

cavity mode is in resonance with the ZPL (step 54), the PL intensity at the ZPL
is enhanced by a factor of 27 compared to the off-resonance case (step 28).

In order to verify if this ZPL enhancement is caused by the Purcell effect,

NV center’s photon lifetime is measured when the cavity mode is on (7,,) and

off (7,rr) resonance to the ZPL as well as from a diamond membrane with-

out photonic crystal structure (7p). The time-resolved fluorescence curves are

fitted with the double exponential decay model. The long decay component
0.56

is used to calculate the lifetime for each case, which are 7, = 10.43f0.22 ns,

Topr = 22.347103 ns and 79 = 12.9670°%5 ns (Fig. 7.12). As expected, the
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on-resonance lifetime is reduced compared to the off resonance case due to an
increase of spontaneous emission rate originated from the Purcell effect. From
these measured values, the Purcell factor can be calculated by the following

equation,

F=_" (1 ! ) (7.20)

T &L \Ton Tosf

where zp; ~ 0.03 is the zero-phonon spontaneous emission fraction in bulk
diamond [152]. Plugging in the measured lifetimes into Equation (7.20), the
Purcell factor is calculated to be F' = 22, which is comparable to the PL en-
hancement factor of 27 discussed above, confirming that both of the PL en-

hancement and lifetime reduction are caused by the Purcell effect.

7.3.4 Outlook

PL intensity enhancement due to the Purcell effect is observed from NV
centers embedded in the nitrogen delta-doped layer within a diamond-based
photonic crystal cavity. Despite a high Q/V ratio of the nanobeam design, with
a measured Q ~ 7000 and a calculated V = 0.47(A /n)3, the resulting Purcell
factor of F =22 is not as high as expected. For example, Faraon et al., [152]
measured F = 70 from the diamond-based 2D photonic cavity with a measured
Q ~ 3000, and a calculated V = 0.88(1/n)3. The observed decrease of the

Purcell factor may be due to the cavity mode coupled to a broad peak from an
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ensemble of NV centers. The FWHM of the NV center PL is measured to be
0.2 - 0.35 nm, much broader than the cavity mode resulting in a reduction of the
coupling between NV centers and the cavity.

Nevertheless, this experiment demonstrates a first important step of a pho-
tonic cavity that contains a photon emission source at a deterministic position,
a critical requirement for the maximized performance of photonic cavities. As
discussed in Chapter 6, the nitrogen delta-doping technique can be extended to
the 3D position control of the NV center using the aperture implantation. The
compatibility of the nitrogen delta-doping technique with the photonic crystal
fabrication demonstrated here paves a way towards the full 3D position control

of a photon emitter within diamond-based photonic cavities.

7.4 Sub-micron-scale diamond particle sensor in

fluidic environment

Carefully designed sub-micron-scale diamond particles (DPs) can hold
their position and motion stable in a fluidic environment using an optical tweezer
technique [168], which can be potentially used for an in-sifu temperature and

magnetic sensor in a fluidic channel [169].
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7.4.1 Sample preparation

Cylindrical-shape DPs of ~ 500 nm in diameter and ~ 2 um in length are
fabricated using diamond membranes made by a combination of He implanta-
tion, diamond overgrowth and electrochemical etching techniques described in
the previous section. For the diamond overgrowth, a diamond film of 1 um
thick is grown by the high-power growth mode (see Section 3.8) using a mi-
crowave power of 2000 W, pressure of 165 Torr, and CH4/H; ratio of 1 % for
20 minutes. During the diamond growth, >N, flow of 0.1 sccm is added al-
lowing for uniform nitrogen doping for the entire film. Due to the increased
growth rate, nitrogen is easily incorporated into the film, resulting in a nitro-
gen concentration > 10'® cm™3 and also a high NV center density showing a
bright PL from the film. After the growth, the membrane is lifted-off from the
substrate by the electrochemical etching process and is stamped on a PMMA-
coated Si substrate with the grown film in contact with PMMA. Subsequently,
sub-micron-scale cylindrical DPs are fabricated using EB lithography on nega-
tive photoresist (HSQ) and O, ICP-RIE. This process allow for mass production
of the cylindrical DPs (6.3 x 10 DPs per process) as demonstrated by an SEM
image shown in Fig. 7.13. Furthermore, if an ICP-RIE condition is carefully
tuned, the DPs are anchored by thinned PMMA to the Si substrate, allowing for

release of DPs in solvent and their easy introduction to microfulidic channels.
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Figure 7.13: SEM image of an array of the fabricated cylindrical diamond particles (DPs).
Original data presented in Ref. [169]

MW
antenna

Microfluidic
channel

with trapped
particle

Figure 7.14: Schematic of the polydimethylsiloxane (PDMS) microfluidic channel with a sin-
gle DP trapped in the focal volume of a 1064 nm infrared laser. A microwave (MW) antenna
used for the ODMR measurements are shown in yellow. A CCD image of the microfluidic
channel is shown in the inset. A trapped DP is circled in red, whereas DPs stuck at the bottom

of the channel are indicated by the black arrows. Original data presented in Ref. [169]
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7.4.2 Position and motion stability of diamond particles in

microfluidic channel

Figure 7.14 shows a schematic of a polydimethylsiloxane (PDMS) mi-
crofluidic channel with a trapped particle using a 1064 nm infrared laser. A
careful control of the size of the DPs allows for a stable trapping of a single
DP within the trapping volume of the focused laser. Moreover, their cylindri-
cal shape enables a deterministic orientation control of the DPs during trapping
with their longitudinal axis (// (100) crystal axis) along with the laser’s optical
axis. The inset of Fig. 7.14 shows a charge-coupled device (CCD) image of the
microfluidic channel displaying a single trapped DP (circled in red) with its axis
aligned on the laser axis. Single DPs can be trapped for up to 30 hours before
purposely releasing them, demonstrating stability of the engineered DPs within
a fluidic channel, allowing for long data acquisition using ODMR or spin echo
techniques.

A microwave antenna is used for ODMR measurements of trapped DPs in
the microfluidic channel. Figure 7.15 shows ODMR spectra for commercially
available DPs (top) and the engineered DPs (bottom). The external magnetic
field of ~ 10 G is applied parallel to the laser axis. The commercial DPs of
their diameter less than 100 nm without control of their shape, showing rel-

atively broad ODMR dips with a FWHM of ~ 30 MHz due to uncontrolled
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Figure 7.15: ODMR spectra for commercially available DPs (top) and the engineered DPs
(bottom). The external magnetic field of ~ 10 G is applied parallel to the optical axis of the
laser, which is along the (100) crystal axis for the engineered DPs. Original data presented in

Ref. [169]

rotational dynamics within the trapped volume. On the other hand, the engi-
neered DPs show sharper dips with a FWHM of ~ 10 MHz because of their
suppressed rotational motion aligning parallel to the laser axis. Furthermore,
the observation of the two distinct dips suggests that their precession around
their main axis is also suppressed, demonstrating an excellent position and mo-
tion stability of the engineered DPs in the fluidic environment for a time scale

of 400 seconds.

7.4.3 Outlook

The position and motion stability as well as compatibility to the ODMR
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technique of the engineered DPs hold a promise for the DP-based sensing in
a fluidic environment. Although temperature sensing in living cells using di-
amond nanoparticles is already demonstrated [48], the engineered DP sensors
possess additional capabilities to control their locations inside cells by scanning
the the optical tweezers laser and to enhance their sensitivity using the spin echo
technique. Temperature sensing applications of these engineered DPs may be
more feasible than magnetic sensing because of high thermal conductivity of
diamond and mitigated size requirement for thermometry. Careful position con-
trol of NV centers within a DP to protect their spin coherence is an important

challenge for their magnetic sensing applications in a fluidic environment.

7.5 Conclusion

Recent results that extend the applications of NV centers in PE-CVD grown
diamond films are reviewed.

A shallowly implanted single NV center in a '>C-enriched diamond film
is used to demonstrate two-dimensional nanometer-scale magnetic resonance
imaging (2D nanoMRI) with spatial resolution of 12 nm. Further extension
of this technique to the 3D nanoMRI requires reduction of the data acquisi-
tion time, as the resolution is currently limited by the thermal drift of the scan-

ning system exacerbated by the long averaging time. Creating even shallower
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NV centers with maintained coherence is one of the approaches to enable 3D
nanoMRI. In order to study limitations of shallow NV centers, spin properties of
extremely shallowly doped NV centers (d < 3 nm) are investigated. Although
significant reduction of 7, ~ a few us is observed, the extremely shallow NV
centers still maintain their optical properties without showing blinking.

The nitrogen delta-doped diamond films are compatible to the diamond-
based nanometer scale device engineering, enabling to fabricate photonic crys-
tal nanobeams with deterministic depth control of NV center emitters. A full
3D position control of NV emitters could be possible using a combination of
the nitrogen delta-doping technique and the aperture implantation discussed in
Chapter 6. The position engineering of NV centers inside the diamond nanos-
tructures is one of the most important challenges for the NV-based quantum
processing and metrology applications.

Sub-micrometer-scale diamond particle engineering allows for position
and motion stability in a microfluidic channel, an important first step for ther-
mal and magnetic sensing applications with location-controlled sensors within

biological and chemical environments.
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Chapter 8

Conclusion

A crystal growth technique that enables to control the depth of a single NV
center at nanometer scale is developed. This nitrogen delta-doping technique
enables to create shallow NV centers whose depth ranging from about 100 nm
down to less than 2 nm while preserving their spin coherence. The 7; times of
these doped NV centers are measured to be 7, > 600 us for d > 50 nm and
T, > 100 pus atd = 5 nm.

These shallowly doped, long-coherence NV centers are used as an atomic-
scale magnetic sensor enabling nanometer-scale volume detection of nuclear
spins external to the diamond crystal. This nanometer-scale nuclear magnetic
resonance (nanoNMR) technique is further extended to two-dimensional mag-
netic resonance imaging (2D nanoMRI) with spatial resolution of 12 nm. Re-

alization of ultimate 3D nanoMRI will require to create even shallower and
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long-coherence NV centers, necessitating understanding the mechanism of sur-
face spin noise.

The nitrogen delta-doping technique is combined with shallow '>C ion
implantation through lithographically-patterned apertures enabling 3D localiza-
tion of NV centers at a nanometer scale. By controlling the implantation dose
and the annealing conditions, the localization volume for a single NV center is
estimated to be ~ (180 nm)>. Moreover, by separating nitrogen incorporation
from the vacancy creation, the local crystal damage around the NV center is
minimized, leading to the preserved spin coherence of 7, > 300 us for the 3D-
localized NV centers. The localization volume is comparable to the diamond-
based nanostructures, holding a promise for quantum applications by maximiz-
ing coupling between NV centers and these nanostructures. As an example of
a deterministic placement, the delta-doped NV centers are incorporated into a
photonic crystal nanobeam displaying a Purcell enhancement of their PL emis-
sion. An ultimate 3D position control of the NV center emitter in the cavity will
further enhance the NV center photon emission.

As presented in this dissertation, a nanometer-scale materials engineer-
ing technique enabling to control a “single atom” in the solid state opens up
wide applications ranging from nanometer-scale imaging to quantum informa-

tion processing. Despite an outstanding challenge, pushing the boundaries of
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the nanometer-scale engineering into atomic scale will further enable broad
technological capabilities and provide intriguing problems for the science com-

munity.
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Appendix A

Seki AX6300 Diamond CVD
Operation Procedure with 1.5 kW

Microwave Head

(A) Initial check

1. Sign up and write down the date and the description of the process in the
Diamond CVD machine check list.

2. Check if the chamber is being pumped down with the turbo pump by
checking all the icons in the main panel of the AX6300-1500 software rep-
resenting the gate valve (GATE), turbo pump (TURBO), the valve back-
side of the turbo pump, and the dry pump (PUMP) are red.

3. Check the pressure at the Anelva Ionization Gauge on the rack. It should

read on the order of le-5 Pa or lower after pumping down for 2.5 hours.
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Rack Diamond CVD

Figure A.1: Photo of the diamond CVD system.

Record this value on the Diamond CVD machine check List.

4. Turn the valve at the Ar flow meter attached to the CVD machine to the
left. Set the flow value around 5 SCFH. The Ar gas line is connected to
the gas ballast port in the dry pump. The Ar gas improves the pumping of

hydrogen.

(B) Starting up and verifing the gas lines

1. Go to the chase, and turn on the hydrogen purifier following the Hydrogen
Purifier Activation Procedure, which is located in the case on the side of

the hydrogen gas cage.

2. While turning on the hydrogen purifier, check the hydrogen gas remaining

by reading the upside pressure of the gas regulator of the hydrogen bottle
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AX6300-1500 Control display

AX2115 1500W
Microwave power generator

Heater control (left) and
Stage height control (right)

Advanced energy PEIlI 5K
Stage heater power generator

Anelva lon gauge (left) and
Turbo controller

Power breakers

Figure A.2: Photo of the Diamond CVD rack.

Figure A.3: Photo of the display showing the main panel of the CVD control software.
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Hydrogen

purifier Chiller unit
N2 and 02
gas bottles

H, gas cage CH, gas cage

Figure A.4: Photo of the chase.

(the left bottle inside the cage). Record this value in the Diamond CVD

machine check list.

3. Verify that the hydrogen gas and the methane gas are online by checking
the gas monitor sitting on top of these gas cages. Check all the valves in

the gas lines in use are open.

4. Turn on the chiller unit. Go back to the in front of the CVD machine. Go
to the Alarm Panel on the control software and click the RESET button.
The alarm message will disappear and the signal on top of the rack will

turn green. Usually the signal is covered with aluminum foil.

(C) Before starting the process

1. Turn off the ion gauge filament by pushing the FILAMENT button on the
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Anelva Ionization Gauge on the rack. Turn off the ion gauge by pressing

the green power button on the ion gauge.

. Close the turbo pump line by clicking the icons of the gate valve (GATE),
turbo pump (TURBO) and the valve back at the turbo pump in this order
in the main panel of the control software. They should become black after

clicking. Reset the process timer in the main panel.

. Turn on the microwave power generator by lifting up the white lever switch
at AX2115 1500W MICROWAVE POWER GENERATOR. After seconds,
the MW FILAMENT icon in the main panel of the control software turns
red. Make sure that the indicator on the READY of the power generator
is lit at REMOTE. If not (the indicator is lit at LOCAL), push this button

once.

. Go to the Semi-Auto panel in the control software. Set 8.0 in the box at
the PRES row and 100 in the box at the H2 (MFC1) row in the SP_MAIN
column, and click Start in the both rows. Now the hydrogen gas is led
to the chamber with the gas flow at 100 sccm controlled by the MFC1,
and the chamber pressure is maintained at 8 Torr by adjusting the throttle
valve automatically. It takes a couple of minutes for the chamber pressure
to get stabilized (the orange indicator in the PRES row moves to the DONE

column).
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5. Check if the sample is sitting in the pocket of the top face of the sample
holder and if the sample holder is located roughly at the center inside the
chamber by looking inside the chamber through the top window. Use a
small ladder to climb up to the machine. Aim the laser of the pyrometer at

the sample by tweaking the screws on the gray, cylindrical laser mount

6. Open the cage at the lower part of the CVD machine, and check the
water flow of the flow meters located on the wall inside. These should
read around 4.1 (upper meter) , 8.7 (middle meter) and 0.7 (lower meter).

Record these values in the Diamond CVD check list.

7. Set the values at the three tuners hanging down from the waveguide to
the proper numbers. The appropriate values could change and need to be
adjusted for each operation time. You can refer to the values which work
best for the last time as a start point. Record these tuner reads in your

notebook.
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Figure A.5: Photo of the display showing the Semi-auto panel of the CVD control software.

Water flow meters

Figure A.6: Photo of the cage at the bottom of the diamond CVD system.
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Figure A.7: Photo of the top part of the diamond CVD system.

(D) Plasma ignition and Ramping up temperature

1. After confirming that the chamber pressure is stabilized, set 400 in the box

(next to the letter “F”) at the MWAVE row in the SP_MAIN column and

push the Replace button next to the box.

2. Push the Start button at the MWAVE row. The microwave power gener-

ator turns on by this action. Look carefully where a plasma ball shows

up inside the chamber. If the chamber (this also works as a cavity for

the microwave) is tuned correctly, a plasma ball shows up above the sam-

ple holder when the REFLECTED WATTS value at the AX2115 1500W

MICROWAVE POWER GENERATOR reaches about 100 and suddenly

drops down below 50. If a plasma ball shows up at the quartz window on
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top of the chamber or at the side of the stage below the sample holder, cut
off the microwave immediately by pushing the Start button at the MWAVE
row in the Semi-Auto panel. The plasma ball showing up at wrong places
can cause an arcing damage to the equipment. Cut off the microwave also
if the REFLECTED WATTS remains at the high value around 200 and
never drops. In these cases, tweak the tuner tabs and try again until the
plasma ball shows up above the sample holder. Setting the pressure to
the lower value (about 5 Torr) might help you turning on the plasma in a

correct place.

. After confirming the plasma turns on correctly, minimize the read at the
REFLECTED WATTS by tweaking the three tuner tabs. The value can
reach to the 0. Usually, the center tab affects most, followed by the left
and the right ones. The REFLECTED WATTS indicates the reflected mi-
crowave power back to the microwave source due to the impedance mis-
match of the cavity consisting of the chamber and the waveguide. You can

tune the cavity condition by adjusting these three tuners.

. If you feel comfortable with the plasma ignition, increase the pressure and
the hydrogen flow by setting 25.0 and 400 in the boxes at the PRES and the
H2 (MFC1) rows in the SP_MAIN column respectively and click Replace

button next to these boxes. The hydrogen MEAS value will soon turn to
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the 400 (sccm), while it takes a couple of minutes for the chamber pressure

to reach and get stabilized at 25 Torr.

. While chamber pressure increases, the REFLECTED WATTS value may
also increase. Tweak the tuner tabs to minimize this value when it starts
to increase. Do not exceed 100, otherwise the plasma ball may disappear
inside the chamber. If this happens, turn off the plasma by hitting the Start
button at the MWAVE row, set pressure and the hydrogen flow at 8 Torr

and 100 sccm again, and repeat the plasma ignition procedure (D.2).

. When the chamber pressure get stabilized at 25 Torr (the orange indicator
moves to the DONE column in the PRES row), with stable plasma condi-
tion, set 750 in the box at the MWAVE row in the SP_ MAIN column and
click Replace next to the box. Now the microwave power turns up to 750
W. The REFLECTED WATTS may increase when the microwave power

jumps up. Tweak the tuner tabs again to minimize the reflected power.

. After minimizing the reflected power, set 800 in the box at the HEATER
row in the SP_MAIN column. Bring a timer, and start counting up when
you hit the Start button at the HEATER row. Make sure that the stage
heater power generator outputs the power by checking the Setpoint on the
ADVANCED ENERGY PEII 5K reads about 3.7. The Setpoint number

will keep fluctuating. Now, the stage heater ramps up until the thermo-
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10.

11.

couple temperature beneath the stage inside the chamber reaches and get

stabilized at 800 °C. The output power is automatically adjusted.

. Go to the Main panel and then Pyrometer panel in the control software.

Adjust the temperature range by clicking the top and the bottom number
at the vertical axis and input the appropriate number. Adjust also the time
range by clicking the horizontal axis. You have 1 min, 30 min, 8 hours,
24 hours, and 100 hours options. 30 min range is typically used when

ramping up.

. Adjust Ar flow at around 3 SCFH.

Keep watching the pyrometer readout, CH_PRES (chamber pressure), Set-
point at the ADVANCED ENERGY PEII 5K and the heater PV at the
HEATER CONTROL on the rack while ramping up. Record these values
each minute. The pyrometer readout reaches at the maximum about Smin

after you turn on the heater.

Wait 6 min after you click the Start button at the HEATER row in the
Semi-Auto panel. Bring another timer and start counting up when the
first timer counts 6min. At this moment, you move onto the hydrogen
etching process, which prepares better interface before diamond growth.
The typical hydrogen etching condition is the microwave power of 750 W,

the pressure of 25 Torr, the thermocouple temperature of 800 °C, hydrogen
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flow of 400 sccm. The hydrogen etching process typically lasts 15 min.
You need not to do anything except starting another timer on moving to

the hydrogen etching process.

(E) Diamond growth

1. Keep recording the pyrometer readout, CH_PRES (chamber pressure),
Setpoint at the ADVANCED ENERGY PEII 5K (stage heater output) and
the heater PV at the HEATER CONTROL on the rack (thermocouple tem-
perature) each minute and each 5 minutes after 5 minutes during the hy-
drogen etching process. Occasionally check the plasma shape inside the
chamber. Do not stare at the plasma ball for a long time, though, since the

plasma emits the UV light. You may use a sunglass.

2. Reset the first timer. Go to the Semi-Auto panel at the control software at

least one minute before the hydrogen etching process is done.

3. After 15 minutes of the hydrogen etching, diamond growth starts by in-
troducing methane gas into the chamber while other parameters are main-
tained. Set (typically) 0.1 (sccm) in the box at CH4 (MFC2) row in the

SP_MAIN column.

4. When the second timer counts 15 minutes, Click Start button at the CH4

(MFC2) row. Start a new timer simultaneously. This third timer counts
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the growth time. Make sure that an orange indicator shows up at the ACT
column in the CH4 (MFC2) row and moves to the DONE column when
the methane gas flow reaches the setpoint. Make sure that the MEAS value

at the CH4 (MFC2) row shows around the input value.

5. Keep recording the pyrometer readout, CH_PRES (chamber pressure),
Setpoint at the ADVANCED ENERGY PEII 5K (stage heater output), the
Ar flow level and the PV at the HEATER CONTROL (thermocouple tem-
perature) each minute and each 5 minutes after 5 minutes in the first 15
minutes of the diamond growth. You don’t have to stay in front of the ma-
chine all the time, but always pay attention about the machine condition
during the growth. Come back and record theses values at least every hour

to make sure the growth runs with no problem.

(F) Finishing up growth

1. After a certain time (typically 6 hours), finish the diamond growth by shut-
ting off the methane flow by clicking the Start button at the CH4 (MFC2)
row in the Semi-Auto panel. You may proceed to the hydrogen termination
process by keeping all the parameters in this state for 5 minutes without

methane flow.

2. Either immediately after the diamond growth or after the hydrogen termi-
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nation process, turn off the microwave, heater, and the hydrogen flow by
clicking the Start button at the MWAVE, HEATER, PRES, and H2 (MFC1)
rows. All the orange light at the DONE column should turn off after click-
ing.

. Turn off the microwave power generator by lifting down the white lever
switch at AX2115 1500W MICROWAVE POWER GENERATOR. Go
back to the Main panel at the control software and make sure that the
MW FILAMENT icon turns black. Check at the “MW Shut off?”” column

in the Diamond CVD check list.

. Turn the valve at the Ar flow meter toward the further right. Although the

Ar flow may not get to the 0, this is fine.

. Leave the machine at this state for 38 minutes to cool down.

. While cooling down, turn off the hydrogen purifier by following the Hy-
drogen Purifier Standby Procedure. This is on the backside of the Hydro-

gen Purifier Activation Procedure.

. Check the hydrogen gas remaining by reading the upstream pressure of
the regulator on the hydrogen gas bottle in the gas cage. Record the gas

remaining as well as the process time in the Diamond CVD check list.

. After the completion of hydrogen purifier standby procedure, check at the
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“H2 gas shut down?” column in the Diamond CVD check list.

(G) Unloading the sample

1. Make sure that the thermocouple temperature (the PV at the HEATER

CONTROL on the rack) is less than 50 °C.

2. Go to the Main panel in the control software. Set O in the box at Stpt in
the PRESSURE square at right top of the panel. Open the throttle valve
by clicking the valve icon at the bottom in the further left line (connecting

the chamber icon and the PUMP icon).

3. Turn left the Ar flow meter valve and set the Ar flow at 5 SCFH.

4. Lower the stage height to the loading position by setting 10 in the Stpt box

in the STAGE square at the right side of the Main panel.

5. Wait until the chamber pressure is less than 2.0 Torr by reading the Meas

in the PRESSURE indicator.

6. When the chamber pressure gets below 2.0 Torr, open the rough valve by
clicking the valve icon in the second line from the left (connecting the
chamber icon and the PUMP icon). Wait until the chamber pressure is less

than 0.1 Torr.

7. Loosen the two hex bolts on the chamber door by a wrench.
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10.

11.

12.

13.

14.

15.

. Purge the chamber by the Ar vent gas though clicking the valve icon at the

third line from the left (hanging from the chamber icon and an arrow at the

other end).

. When the chamber pressure is over 200 Torr, the ALARM indicator turns

red. Go to the Alarm panel and click the RESET button at the top. The
alarm message will disappear and the ALARM indicator in the Main panel

becomes dark again.

When the chamber pressure reaches 750 Torr (the atmospheric pressure),

the chamber window pops open.

Change your glove to a new one. Grab and take out the sample holder.

Take the sample out from the pocket of the sample holder by a tweezer.

You may load a new sample in the pocket of the sample holder.

Return the sample holder into the chamber by fitting it into the centering
plate. Make sure the sample holder is sitting roughly at the center of the
stage by checking all around the edge of the centering plate is equally

separated from the edge of the stage.

Take out and sweep the O ring at the chamber door by IPA.

Close the chamber door, stop the Ar vent gas. Start pumping down the

chamber using the throttle valve line by clicking the corresponding icon.
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16.

17.

18.

19.

20.

21.

22.

Push the chamber door for a little while until the chamber pressure goes

down (~ 700 Torr) such that it automatically pulls the door.

Tighten two hex bolts on the chamber door by a wrench.

Pump down the chamber through the throttle valve. Wait for the chamber

pressure being below 2.0 Torr. It takes about 12 minutes.

When the chamber pressure becomes below 2.0 Torr, open the rough valve

by clicking the corresponding icon in the Main panel.

Wait until the chamber pressure is lower than 0.1 Torr. Then, push the
green power button on the Anelva lonization Gauge on the rack. Wait until
the pressure reads below 1e-0 Pa. Do not push the FILAMENT button at
this point. You will read “TC” on the panel, suggesting the pressure reads

by the thermocouple.

Close the throttle valve and the rough valve by clicking the corresponding

icons. These icons should turn black.

Open the valve at the backside of the turbo pump by clicking the corre-

sponding icons.

Turn on the turbo pump by clicking the TURBO icon. This icon starts
blinking until the turbo pump reaches the normal operation state. Make

sure that the green light at the ACCELERATION turns on and Rot Spd
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23.

24.

25.

26.

keep increasing in the panel at the TURBO CONTROLLER on the rack.

It takes about 2 minutes to get the normal operation.

Go to the chase and push the “ON/OFF” button on the chiller unit to stop
the water flow. You don’t need to shut down the whole chiller system.
After a few seconds, the alarm beep will come out from the diamond CVD
machine. Go back to the rack of the CVD machine and click the BZ STOP
button at the top of the Alarm panel. The alarm message remains in the
Alarm panel and the signal at the top of the rack remains red even after
you click the BZ STOP button. Just leave them. These signs will stay until

you turn on the chiller unit for the next growth.

When the turbo pump rotation speed reaches 600 Hz, the TURBO icon in
the Main panel stays red. At this point, open the gate valve by clicking the
GATE icon in the Main panel. Click GO button in the PROCESS TIMER

in the main panel to count the pumping time with the turbo pump.

The pressure read at the Anelva Ionization Gauge will increase to 2e+1Pa
and start to decrease later. When this pressure read reaches Se-0Pa, push
the FILAMENT button to turn on the ion gauge. Make sure that you read
“BA” on the panel of the ion gauge. Check at the “Turbo ON? ” and “IG

ON?” column in the Diamond CVD check list.

When the pressure at the ion gauge reads below 1e-3Pa, turn the Ar flow
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valve towards the further right. The flow meter may not reach to the O.
This is fine. Check at the “Ar purge shut off?” column in the Diamond

CVD machine check list.

27. Make sure that you filled out all the items on the check list for your process

today.

28. You are all set!
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Appendix B

Growth resources

Table B.1 shows a list of samples presented in this dissertation. The thick-
ness of layers in each sample is calculated by the calibrated growth rate. Three
types of vacancy creation methods, electron irradiation, '>C ion implantation,
and PN ion implantation are denoted by e-, '>C, and '°N, respectively. The
column on the far right shows the corresponding sections in the dissertation that
discuss more details about the sample structure and the results.

Figure B1 shows a drawing of the molybdenum sample holder. Seen at the
center of the holder is the sample pocket. The size of the pocket can be adjusted
to the different sizes of the samples. The depth of the pocket should be same
as the height of the sample otherwise the sample surface could be subject to the

excessive plasma damage. The original design is from Ref. [83].
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Figure B.1: Molybdenum sample holder design
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