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ii ABSTRACT

Abstract

Carbon-based solid state materials are promising platforms for spin state control and engineering
because of small spin-orbit interaction and lack of nuclear spin in the most abundant isotope (}2C).
Paramagnetic impurities are introduced in these materials in order to control the electron spin state.
We consider two different types of impurities: the impurity to control the spin state of conduction
electrons in conductor and the one in insulator which serves as the localized spin state for sensing.

First, we discuss the charge and spin current transport in fluorinated graphene. Although
graphene is known as a good conductor of charge and spin current, its control is difficult. It is
shown that carrier and spin transport properties of graphene can be controlled by the impurities,
covalently bonded fluorine atoms.

The latter part is devoted to quantum sensor application of nitrogen-vacancy (NV) color center
in diamond. Spin state of NV center can be polarized and readout optically, and controlled by elec-
tron spin resonance. Toward the realistic application of this unique qubit as sensitive magnetometer,
we have developed micro-structure to enhance photon collection efficiency, quantification method
of the selective alignment of high density N'V centers, and optimized measurement sequence for
AC signal.

This thesis is concluded by the outlook for sensor devices and applications combining graphene

and diamond.
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Chapter 1

Introduction

1.1 Carbon materials for the spin state control and quantum sensors

Carbon-based crystalline solids are promising platforms to control and engineer the electron spin
state due to small spin-orbit interaction as shown in Table I1. Smaller spin-orbit interaction
means the less perturbation or noise, which destroys the electron spin state of interest. It is also
important that the most abundant isotope ('?C) has zero nuclear spin because spin-spin interaction
can also affect the spin state. Carbon has many crystalline allotropes with variety of electronic
properties including diamond and graphite in three dimensional, graphene in two dimensional,
carbon nanotube in one dimensional, and fullerene in zero dimensional spatial degrees of freedom.
The paramagnetic impurity is our key to control the electron spin state in these materials. We
consider two different types of impurities: the impurity to control the spin state of conduction
electrons in conductor and the one in insulator which serves as the localized spin state for sensing.

Crystalline materials with sp? hybridized carbons are, in general, known as very good con-
ductors because 7 electrons form dense conducting channel. In former part of this thesis, we will
explore the possibility of spin state control of conduction electrons in graphene. On the other
hand, diamond is one of the most typical insulator (semiconductor) with a large band gap of 5.5 eV.
Diamond can host huge variety of color centers in its firm structure and large band gap. Amongst
them, the nitrogen-vacancy (NV) center has been proven to have one of the most promising local-
ized electronic structure to serve as a spin-based qubit. We present the CVD-based engineering of

NV center toward microscopic quantum sensor applications in the latter part.
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Table 1.1:  Spin orbit interaction in Carbon, Silicon and Germanium. A is for isolated atom

(I:ISO = AL - §).[0] Ay is the valence band splitting of diamond-structure solid.[]

Atom Atomic number A (cm™') Ag (meV)

C 6 14 13
Si 14 65 44
Ge 32 400 295

Although the principle of quantum sensors will be introduced later in Section [C6, we briefly
introduce the concept and its impact here. Since we can perform sensitive optical detection of
electron spin resonance of a single NV center, we can use it as an atomic-scale quantum sensor.
The information about local magnetic field, electric field or strain field around the NV center is
buried in its spin resonance frequencies. The similar physics can be exploited using atomic vapor
for example, however, it is very difficult to achieve high spatial resolution using vapor.

The spin-based quantum sensor is the most sensitive to magnetic field. One of the most
important application, which has been demonstrated recently, is nano-scale nuclear magnetic
resonance (NMR) and imaging.[B-5] The NV centers at diamond surface can sense local fluctuation
of magnetic field by nuclear spins on the surface. In ultimate case NV center can enable NMR with
single spin sensitivity.[6] The use of electric field and stain field sensor is also demonstrated.|[[Z, 8]

One goal we would like to set is the use of NV quantum sensor for the probe of spin current and
related physics. Since graphene can be formed directly on top of atomically flat (111) surface of

diamond,[9] graphene should provide the best bridge which connects spin current and NV center.

1.2 Overview and Structure

Brief reviews of basic physical concepts and previous researches are given in subsequent sections
of this chapter. We will start to describe the graphene research by the fluorination methods of
graphene using Ar/F; plasma in next Chapter (Ch. D). Chapter B and B deal with charge and spin
transport properties of fluorinated graphene, respectively.

CVD-based optimization of NV-containing diamond will be started by Chapter B: diamond

micro-structure for photon collection efficiency improvement. Next, we discuss the fabrication
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and characterization of selectively-aligned high-density NV ensembles in Chapter B. In Chapter [,
we will demonstrate the operation as actual AC magnetometer of our CVD sample and compare
the results with NV center ensemble fabricated by ion-implantation. Chapter B will summarize all
the researches and show the outlook for sensor devices and applications combining graphene and

diamond.
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1.3 Graphene and chemical functionalization

1.3.1 Graphene

Intriguing physics and possibility for electron device application of graphene has been attracted
intensive attentions since its successful isolation and device demonstration in 2004.[I0] It is
widely recognized that due to graphene’s unique band structure, the carriers (electrons or holes)
has extremely high Fermi velocity without mass, resulting in large carrier mobilities. Although
the carrier mobility is limited by a number of extrinsic scattering sources, a experimental research
marks a value 200,000 cm?/Vs by reducing them with suspended graphene.[I1] Figure I_T shows
the crystal structure and calculated band structure of graphene. First principles calculation of the
band structure is performed using a software based on density functional theory. ®

In spite of its large carrier mobility, the zero-gap band structure results in small on-off ratio
when graphene is operated as a field-effect transistor (FET). There are several approaches demon-
strated for creating a band gap in graphene or tuning its transport property for the switching device
applications. Nano-structuring of graphene into a thin line shape, so called graphene nanorib-
bon, is one of them.[l3, T4] This approach uses quantum confinement effect of the electrons
within pseudo one dimensional space. An on/off ratio up to 10° is achieved by using sub-10 nm
nanoribbons in Ref. [I4], however, the rough edge of experimentally available structures results
in degradation of the carrier mobility. Another approach is application of vertical electric field
through bilayer graphene, that creates a potential-asymmetry-induced band gap.[[[5-I&] Beautiful
physics are predicted theoretically and observed experimentally, however, induced band gap is
small for switching device application at room temperature. Thus, some new approaches should

be explored for graphene’s electron device applications.

1.3.2 Chemical functionalization of graphene

We shall introduce another way for tuning transport property of graphene, the chemical function-

alization. Although our final goal is the control of spin transport (introduced later in Section [4),

*The asms/phase software (http://www.asms.co.jp/, https://azuma.nims.go.jp/cms1) is used for this calculation. Self
consistent field optimization is performed by using Generalized Gradient Approximation (PBE[I]) exchange term and
24 x 24 x 1 k-point sampling. After that, eigenenergies at each k point of interest are calculated to acquire the band

structure.
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(a) (b) 10%
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Figure 1.1: (a) Crystal structure of graphene (b) Band structure of graphene calculated by the

density functional theory.

the control of charge transport, similar to several approaches above, can also be realized. In this
approach, we add covalently bonded adatoms on graphene. Monovalent adatoms like hydrogen
or fluorine is the most simplest case, though divalents like oxygen are possible as well. Covalent
bonding of these atoms with carbon atoms in graphene makes atomic scale point defects with
sp>-like carbon.

In the extreme case where all carbon atoms are functionalized, graphene should turn into semi-
conductor with a finite band gap. Such perfectly hydrogenated and fluorinated graphene, named
graphane and fluorographene, have been demonstrated both theoretically and experimentally.[T9—
23] The crystal structure and calculated band structure of fluorographene is shown in Figure 2.
We can tune transport property continuously in between perfect graphene and perfectly functional-
ized graphene by controlled functionalization.[?24-26] In chapter B, we will see this kind of charge

transport tuning by introducing fluorine with different concentrations.

1.3.3 Difference of midgap impurity states

Here we explain a detailed concept about the effect of adatom impurities on graphene transport,
especially about the difference between hydrogen and fluorine. Theoretically, adsorbate atoms
like hydrogen or fluorine on graphene create midgap impurity states.[27] Electron scattering rate

and resulting conductivity depends on the energy level of this impurity state. It has been reported
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Figure 1.2: (a) Crystal structure of fluorographene (b) Band structure of perfectly fluorinated

graphene (fluorographene) calculated by the density functional theory.

that impurity states of hydrogen (H) or organic groups like CH3 are within +0.03 eV from the
charge neutrality point (CNP), and these impurities lead to negligible electron-hole asymmetry in
conductivity.[277, Z¥] On the other hand, levels of highly electronegative fluorine (F) or hydroxyl
(OH) impurity states are at more distant positions from CNP (-0.67 and -0.70 eV, respectively).[27]
It is theoretically predicted that impurity resonances at relatively distant energy result in a notable
asymmetry and local extremum of conductivity as a function of carrier density.[28-31] Such
characteristics, however, have not been experimentally observed in fluorinated graphene. Although
transport properties of fluorinated graphene have been reported by some groups,[21, P4-D6, B2, B3]
discussions on electron-hole asymmetry have not been found. In chapter B, we will show that the

electron-hole asymmetry can be actually introduced by intensive fluorination.

1.4 Spin transport control in graphene

1.4.1 Spin current in graphene

Graphene is a good conductor of the spin current as well as the charge current. The final goal
of our graphene research is the control and generation of the spin current by means of chemical

functionalization. In this section, we briefly review the concept of the spin current, and previous
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studies of spin current in graphene.

The spin current and spintronics

The spin current is a reciprocal concept of the charge current. We usually do not care about spin
states of carriers of charge current in paramagnetic materials. What matters is only the charge
and momentum of the carrier. Even if we can distinguish current carried by up-spin electron (j1)
from that by down-spin electron (j;), charge carrier is just the sum of the two (j. = j; + j;). On
the other hand, spin current is defined as difference of the two (j; = j; — j). In ferromagnetic
materials, there is the difference between the number of up-spin electrons and down-spin electrons.
Therefore, the charge current accompanies spin current in ferromagnetic materials. Since the
number of up-spin electrons equals to that of down-spin electrons in paramagnetic (or normal)
conductors, the spin current in such materials is usually zero. However, there are some methods to

generate population difference between the up-spin and down-spin carriers in normal conductors.

One of them is the spin injection from ferromagnetic materials. Figure depicts a typical
device for this experiment. When current is flow from the ferromagnetic material (F) into normal
material (N), the spin polarization (difference of electrochemical potential between up- and down-
spin electrons) can be injected from F to N. Once spin polarization is generated in N, spin
current can flow by diffusion. The spin polarization traveled by spin current can be detected as a
voltage between two ferromagnetic probes. Because there is no spin polarization in N at thermal
equilibrium, generated polarization is diffused accompanying the relaxation. In this sense, the spin
current is not conserved in N, while the charge current is always conserved. The characteristic
length of this diffusion is called spin diffusion length or spin relaxation length. When the spin
current is flowing without accompanying charge current (where j; = —j,), this is called pure spin
current. Pure spin current can transfer the information without charge current and Joule heating,
although the length of such transfer is limited by the spin relaxation length. For this kind of spin
current based electronics or spintronics, a normal conductor with a long spin relaxation length is

required.
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Ferromagnet (F) Normal (N)

Figure 1.3:  Schematic of the four terminal spin valve device for spin current injection and
detection experiments in normal conductor. Lower panel shows electrochemical potentials for up-

and down-spin electrons for each position.
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Graphene as spin current conductor

Since spin relaxation length has correlation with carrier mobility, graphene has been expected to
be a good conductor of spin current. A large number of experimental works have demonstrated
the spin current generation and detection in graphene, and characterized graphene’s parameter
like spin relaxation length.[B4-39] Graphene shows rather high spin relaxation lengths of several
microns in these experimental works, however, these are not as high as the values predicted by
intrinsic property of graphene. A simple consideration of Elliot-Yafet mechanism results in an
estimated spin relaxation time of ~ 50 ns and a length of ~ 300 um.[40] Because there is about
two-orders difference between experimentally and theoretically estimated values above, some other
mechanisms should be limiting the spin relaxation.

Several theories suggest that impurity related effects can be a limiting mechanism of spin
relaxation, which includes enhancement of local spin orbit interaction and scattering at magnetic
impurities.[&1, &2] Thus, it is physically important to explore spin relaxation of graphene with
impurities. Not only physical importance, there should be a chance to control and engineer the
spin relaxation with impurities, if the relaxation is limited by impurities. In chapter B, we show
some evidences for this kind of spin relaxation control by impurities through magnetotransport

measurements of fluorinated graphene.

1.4.2 Spin Hall effect in graphene

Recent studies revealed that adatom impurity not only impose electron spin relaxation in graphene,
but also has possibility to generate a more positive effect. It can be an extrinsic source of the spin
Hall effect by resonant skew scattering.[23, 24] In this section, we briefly review the concept of

spin Hall effect, and previous studies of spin Hall effect in graphene.

The spin Hall effect

The spin Hall effect is the effect which converts a charge current into transverse spin current. A
conceptual explanation of the extrinsic spin Hall effect is as follows. Let us assume there are some
impurities in conductor which deflects up-spin carrier to the left, and down-spin carrier to the right.
When a charge current is applied along one direction, on average, the up-spin current flows to the

left and the down-spin current flows to the right. As a result, a spin current is generated along the
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Figure 1.4: (a) Schematic showing concept of spin Hall effect. (b) Schematic showing concept of

inverse spin Hall effect.

transverse direction of the charge current as depicted in Fig. [C4. The same physics converts a spin
current into a transverse charge current as well. This reciprocal effect is called the inverse spin

Hall effect.

The inverse spin Hall effect can be observed, for instance, by using a device called Hall cross
shown in Fig. T3. Spin current is generated by spin injection from ferromagnets. And then if there
is inverse spin Hall effect in normal conductor, a voltage is observed between the probe electrodes.
More simple experiment can be done without using ferromagnets as shown in Fig. [CA. A charge
current across a terminal pair of the Hall bar is converted into spin current, and then converted
again into charge current. The charge current is detected by voltage between another terminal pair
(voltage probe). This setup is very simple, however, may suffer from artifact due to inhomogeneous

resistivity in normal conductor.

The spin Hall effect has been observed in various conductors including both metal and
semiconductor.[45, 46] The conversion efficiency of a charge current into spin current is called spin
Hall angle. This value has been known to be relatively large in metal (order of 0.01 in Pt[45] and
0.1 in Ta[#7]), and small in semiconductor (order of 0.0001 in Si[&6]). It is physically important
and interesting to explore the spin Hall effect in graphene, which is a conductor with characteristics
of both metal and semiconductor. If large spin Hall effect can be observed in graphene, spin
current can be generated without ferromagnetic junctions, and pure-graphene spintronics device

can become plausible.
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Figure 1.5: Device structure and experimental setup for observation of inverse spin Hall effect

using the Hall cross device.
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Figure 1.6: Device structure and experimental setup for observation of inverse spin Hall effect

using the Hall bar device.
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Extrinsic spin Hall effect in graphene

Very recently, both theory[#4, A8] and experiments[43, &9] have shown that large extrinsic spin
Hall effect can be observed in graphene with hydrogen adatoms. The observed effect is strong,
having spin Hall angle with magnitude of the same order as, or even larger than, that in metal.
Exploring the spin Hall effect for the case of fluorine adatoms is important to show the difference
of observed spin Hall effect when resonant impurity level is changed. In chapter 8, we show the

results of the trials to observe spin Hall effect in dilute fluorinated graphene.
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1.5 Nitrogen-vacancy color center in diamond

1.5.1 Energy level structure

The nitrogen-vacancy color center (NV center) in diamond is one of various color centers in
diamond. An NV center consists of a substitutional nitrogen and adjacent vacancy, as shown in
Fig. [[74 (a). There are five unpaired electrons attributed to one NV center: three as carbon atoms’
dangling bonds and two as nitrogen’s dangling bond. The neutral NV (NV?) center is one stable
charge state, however, negatively charged NV (NV™) center is more important because optical
initialization and readout of spin state can be performed. Hereafter, we denote NV~ center by just
writing NV center.

NV~ center consists of six electrons. The electronic structure is calculated by first principles
molecular orbital theories.[50, 5T] Four electrons fill highly localized molecular orbitals in between
the bandgap of diamond, while two electrons always fill a low-lying molecular orbital in valence
band of diamond. Total energy level structure is constructed by symmetrizing linear combination

of four electrons’ orbital configurations including spin states.

(b) B
///,_‘%\__'_l
E o ~ |142GHz
637 nm - URN
1A2 A —\*v—
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E Y ‘
_ +1.7
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n, Y < |2.87GHz,~
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Figure 1.7: (a) Structural model of NV center in diamond. (b) Energy level structure of NV

center.

Simplified energy level structure of NV~ center is shown in Fig. 2 (b). The ground state
(3A») and first excited (E) state are triplet states (S = 1), and the energy difference is 637 nm.
Photoluminescence spectrum with zero phonon line at this energy is experimentally observed.

There is meta-stable singlet state (S = 0) between the ground state and first excited state. One of
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the most important properties of the NV center, optical spin polarization, is mediated by this singlet
state. Electrons with |ms = £1) states have certain probability to decay through this singlet state
to the |0) ground state. Although infrared light (1042 nm) is actually emitted, the energy is much
different from direct luminescence (transition from > E to 3 A). Thus, this decay is sometimes called
non-radiative decay. Due to this property, continuous optical pumping result in spin polarization
into the |0) state. Furthermore, spin state population can be read out optically, by observing
photoluminescence intensity. The more |0) state is populated, the more intense luminescence is

observed.

1.5.2 Ground state spin Hamiltonian

The spin state population can also be controlled by resonant microwave radiation, or electron spin
resonance (ESR). The optically detected magnetic resonance (ODMR) at room temperature can be
performed by combination of optical spin state polarization-readout and ESR. Although ODMR
experiments can be done using either the ground state or excited state, the use of the ground state
spin is more popular because it is simpler and more efficient. So we will focus on the spin state of
ground state.

The full spin Hamiltonian of the NV ground state can be written as[57]

A

Ay = (Dgs +d|T1;) S2+ upS - g - B - d. 11, (S7 = S7) + duTLy (ScSy + 5,S,). (L)

where Dy, = 2.87 GHz, up, B are zero field splitting, Bohr magneton, and external magnetic
field, respectively. Il = E + o is sum of external electric field (E) and local strain field (o) of the
NV center.

Since the effect of magnetic field is much larger than other fields and we are interested in

magnetometry applications, we simplify the Hamiltonian by dropping II as follows.
Hys = DgsS2+ upS -8+ B = DgyS? + upg|S.B; + upgi(SxBx + SyBy) (1.2)

When perpendicular field is small enough (upg, /B2 + Bg < Dg, and upg. (B)% + Bg) <

Dgsupg|B;), eigenenergies of this Hamiltonian can be approximated as

E. =Dgsi,uBg||BZ' (1.3)
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Thus, the energy levels (splittings) is determined only by B, . Strictly speaking, D¢ has temperature
dependence and the NV center can be utilized as a temperature sensor as well, however, we ignore

this effect and treat D4 as a constant.

1.5.3 Using spin state as two level system, or qubit

The NV ground state is spin triplet (S = 1) and of course has three states. However, if virtually
only two of three states are populated, subspace of S = 1 can be regarded as a two level system.

Matrix elements of spin operator for spin-1 system can be written, taking basis {|1),|0), |-1)}, as

010 0 -i O 1 0 O
1 1
V2 V2 )

010 0 i O 0 0 -1

For example, we can write two dimensional subspace on basis {|0), |-1)} as

1 1
Sy = —=0x,8 =—0y,8, =0, — = (1.5)

V2 V2 2

where o; (i = x, y, z) are Pauli matrices. This is same as S = 1/2, with non-essential addition of
constants.
Once the system is regarded as a two level system or a qubit, we can introduce Bloch sphere

notation to visualize the spin states. We write arbitrary state of the two level system as
) = cos (/2) |0y + €' sin (6/2) |-1). (1.6)

In Bloch sphere notation, this state is represented as a unit vector in Fig. [H. Here 6

characterizes the population difference between the two states and ¢, the phase difference.

1.5.4 Spin state control by external field

Let us discuss the dynamics of spin states described by spin Hamiltonian Eq. T2 under external
magnetic field B = (B cos (wWpywt + ¢pw), —By sin (wywt + dpw), Bo). First we consider the

case without rotating magnetic field (B; = 0). In this case the state can be written as

[y (1)) = cos (0/2) |0) + € @070 sin (§/2) |~1),wo = Dgs — upg) Bs. (1.7)
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Figure 1.8: The Bloch sphere notation of two level system.

The phase difference is rotating at a fixed angular frequency wy in this situation. This rotation
depicted in Fig. 9 is called Larmor precession. Hereafter, we can set ¢g = 0 without loss of
generality. Next step, we introduce rotating magnetic field and move onto rotating frame where
the coordinate is rotating about z-axis at wysw. Let us consider the case wpsw = wg. In this case
ESR is on perfect resonance, and Larmor precession is apparently stopped on rotating frame. We
shall skip the calculations here and write the answer as follows. (Calculation details are given in

Appendix [ATTI).

W) = cos(wit) |0)+ e @Mw+E) gin (1) |-1), (1.8)
MBE1

V2

We can see that we can tune the spin state’s population using rotating magnetic field. This is the

w1 Bl. (19)

essence of ESR, and the oscillatory behavior is called Rabi oscillation or Rabi nutation.

1.6 Pulse ODMR and quantum sensing

We have seen in the previous section that the NV center can work as a spin-based qubit in solid
equipped with optical polarization and readout capabilities. The NV center is not “one of a
kind” being this type of qubit.[53-57] However, the NV center is for now one of the most deeply

understood and promising qubits for applications. There are broad range of applications including
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Figure 1.9: Bloch sphere notation of (a) Larmor precession and (b) Population oscillation (Rabi

oscillation) by ESR in case ¢prw = —1/2.

quantum computing and communication.[S8—6T]

In this thesis, we will focus on the quantum sensing (magnetometry) applications.[62-64] The
solid state’s defect-based qubits, aside from photon-based, gaseous atom-based or superconductor
flux-based qubits, are the most suitable for this application because of their atomic-scale size and
the position-control capabilities. Actually, the NV center has been demonstrated as a good quantum
sensor which has both high sensitivity and spatial resolution. However, due to diamond’s unique
property, there appears to be many room for improvements and engineering. In this section we start
by describing basic principle and method for the sensing, and introduce problems-to-be-solved to
achieve better performance.

First, we shall introduce basic principles of the quantum sensing. We will focus on sensing only
the magnetic field throughout this part, though sensing of electric field and mechanical movement
is also feasible. The simplest description of sensing principle is “find the resonant frequency” (or
energy). Equation 3 show the direct connection between external field (B;) and the resonant
frequency (E.). The simplest method to find the resonant frequency of ODMR is observing the
spectrum of continuous wave (CW) ODMR. We can actually sense magnetic field of order of
millitesla by CW-ODMR. However, this method suffer from finite line width of the spectrum and
not very efficient in terms of acquisition time. Some methods based on pulse ODMR is used for

the sensing of much smaller fields.
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1.6.1 Free induction decay

The simplest method amongst pulse ODMR sensing is called free induction decay (FID). Figure
[CTd shows a sequence of the FID measurement. One shot measurement starts with a laser pulse for
spin-state initialization. As stated in Sec. L3, long enough optical pumping (laser irradiation)
can polarize the spin-state into |0).

Next, resonant microwave pulse named 7/2-pulse is applied. A resonant microwave can rotate
the Bloch vector following Eq. 9. To realize m/2 pulse, we choose microwave power (Bp) and
pulse width (¢, /2) to satisfy 2w1t;/2 = /2. The Bloch vector is flipped by 7/2 and now lying on
xy plane. In other words, the state becomes equal superposition of the two states which can be
written as

1

1
0+ —11). 1.10
\/§|>+\/§|> (1.10)

(Note: In order to set the initial phase to be zero, we have determined to measure the phase

) =

difference as the angle between Bloch vector and y-axis. This definition is different (by 7/2) from
equations in previous section. We have also changed a ket from |-1) to |1) for simplicity, because
the discussion below can be applied to either of the qubit using {|0), |-1)}, or {|0), |1)}.)

After that the qubit is freely evolved for certain time 7, which is called free evolution time.
During this time state will acquire some phase difference. Because we are on the frame rotating at
angular frequency wpsw, precession at this frequency does not result in any movement of Bloch
vector. This is the case for perfect resonance (wg = wprw). When there is additional small external
field (b;) to be observed, wy is detuned to be wy = wpyw — yb,. Here we have rewritten upg) as
v. v is called gyromagnetic ratio and has the value of v = 27 x 28 GHz/T. If we assume that b, is
constant during free evolution time, the Bloch vector will rotate at fixed angular frequency yb, in
rotating frame. The phase difference is accumulated for 7 to finally become A¢ = yb, 7. The state
just after free evolution is written as

iAp

1
|w>=—2|0>+e ). (1.11)

v

This accumulated phase difference is converted into population difference by another mi-

crowave 7/2 pulse. In terms of equation the state will become

[) = sin (%) |0) + cos (%) [1). (1.12)
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Figure 1.10: Laser and microwave pulse sequence of the FID measurement.

This population difference can be read out by observing photoluminescence intensity under another

laser pulse.

1.6.2 Decoherence

Since phase difference is proportional to external field of interest (b,) and free evolution time
(1), T should be large enough to sense small b,. However, in realistic situation this 7 cannot be
determined arbitrarily because there is decoherence or dephasing.

The NV spin is surrounded by another spins including nuclear spin (typically '*N or '*C) or
electron spins (attributed to P1 center for example). Even if there is no additional external field
(b;), NV spin will interact with these spin environments. We can expect random (undesirable)
phase accumulation, over certain time scale, from these interaction. The randomly acquired phase
results in random distribution of Bloch vector in xy plane, or shortening of “averaged” Bloch
vector as depicted in Fig. [TT. When we are using multiple (ensemble) NV centers, we are always
measuring this averaged Bloch vector. Even in the case we are using only one (single) NV center,
Bloch vector is ensemble-averaged because we usually repeat the measurement cycle (typically

for over 10° times) and take average to get enough signal to noise ratio. Therefore, shortening
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(a) y (b) y

v
v

Figure 1.11: Schematic figure of decoherence. (a) If there is no decoherence, the spin state is
fixed along y-axis in rotating frame. (b) Random distribution of Bloch vector (decoherence) results

in shortening of averaged Bloch vector (arrow in red along y-axis).

of averaged Bloch vector, or decoherence, results in the loss of measurement contrast. We have
to choose the evolution time 7 which is enough shorter than, or comparable to, the time scale of
decoherence (coherence time).

The contribution to decoherence is not only the spin environment around NV center. One
important source of decoherence is magnetic field inhomogeneity. When ensemble NV centers are
spreading over large volume, the static magnetic field B, (or resonant frequency) of each NV center
can be different from one to another. Since microwave frequency is fixed, random distribution
of B, means random detuning, or random movement of Bloch vector in xy plane. This is well-
known problem for instrumentation of conventional ESR or nuclear magnetic resonance (NMR)
system. These instruments are designed to apply static magnetic field as uniformly as possible to
the sample. Any other source of resonant frequency change or distribution (over either space or

time) can contribute to the decoherence.

1.6.3 Spin echo

The effect of decoherence can be partially removed by using spin echo technique. Difference
between spin echo and FID is only microwave pulse sequence. In spin echo, free evolution is

divided into two by & pulse as shown in Fig. [LT2. Spin echo can remove the effect of decoherence
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Figure 1.12: Microwave sequence of spin echo measurement.

due to static (or low enough frequency) source such as inhomogeneous magnetic field. At the end
of half of free evolution, there might be decoherence. The & pulse flips all the spin states around
x-axis. If each spin’s angular frequencies during first and second half of the evolution is the same,
all the Bloch vector will get together (make the spin echo) along -y-axis at the end of total evolution.

Note here that spin echo filters out constant movement of averaged Bloch vector as well
(depicted as red arrow in Fig. [CT2). So we cannot apply this technique for detection of constant
(DC) magnetic field (b,). On the other hand, we can effectively detect alternating (AC) b, if the
AC frequency is matching with free evolution time. Figure clarify the difference between
DC and AC fields. While the effect of DC field is filtered out as stated, AC field alters the sign
at -pulse and move the Bloch vector toward opposite direction during the second half. The final

state of the spin echo has information of AC field in phase difference:

T 2t
Aqb:f bz(t)dt—f b, (t)dt (1.13)
0 T

1.6.4 Dynamical decoupling

The spin echo sequence is not always perfect for sensing of small AC magnetic field. Since equation
T3 can be maximized when 7 = 1/2f, available evolution time is limited by the frequency of
AC field. We have to set the evolution time for high frequency signal that might be unnecessarily
shorter than coherence time. We can choose longer evolution time per one measurement shot,
by introducing multi-pulse extension of the spin echo called dynamical decoupling sequences.

Figure [LT4 shows pulse timings of Car-Purcell-Meiboom-Gill (CPMG) type pulse sequences.
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Figure 1.13: Effect of DC and AC external field onto spin echo.

Historically, this technique has been developed for relaxation experiments in conventional pulse
NMR. And recently, it has been applied to pulse ESR of spin-based qubits like NV center and
semiconductor quantum bit. As in the figure, this sequence consists of equally separated (by 7)
multiple 7 pulses. We denote the number of 7 pulses by N hereafter. Even though we should
choose 7 = 1/2f according to AC field frequency, however, we can elongate the total evolution
time by increasing N. The longer N we use, the more phase A¢ we acquire, leading to better
sensitivity. But there is a limitation by decoherence again. We note here just we can choose N such

that 7 N becomes comparable to NV coherence time. The detailed discussion will be in Chapter [2.

There are some variations regarding microwave phase among CPMG type dynamical decou-
pling sequences, though timings are same for all. The simplest case is called Car-Purcell (CP)
sequence.[65] In this sequence the microwave phase is unique for all pulses including /2 pulses.
On the other hand, CPMG uses two quadrature microwaves.[bf] We shall think of initial /2
pulse has a phase such that rotate the Bloch vector around x-axis in our rotating frame (as in Fig
[T0) This pulse will be denoted as /2, pulse. For subsequent & pulses we use microwave with
90°-shifted phase, which rotates Bloch vector around y-axis (7/2, pulses). Meiboom and Gill
have found that this change can compensate the effect of pulse imperfection and avoid extrinsic
signal loss. Further variation includes more complicated phase modulations. Here we introduce
XYn type sequences.[67] XY4 sequence repeats & pulse trains with phase x-y-x-y, while XY8
repeats X-y-x-y-y-x-y-x. Although the degree of freedom for N is reduced (we can only choose N
being integer multiple of 4(8) for XY4(8)), it is found that these sequence is suitable for sensing

application because of its effective pulse-imperfection compensation especially under non-zero
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Figure 1.14: Microwave pulse timings of CPMG-type dynamical decoupling sequences.

total phase accumulation.

1.6.5 Sensitivity limit

We have briefly reviewed pulse ODMR method for the sensing above. We have to use FID method
for DC field sensing, while we can get a better performance by using spin echo or dynamical
decoupling for AC field sensing. As we have already seen, the difference of each method is
basically available total free evolution time per single shot measurement, which we hereby denote
with 7,,;. T1o: should be large for sensing of small field because the phase difference acquired per
single shot measurement will be A¢ ~ yb,1;,,. However, 1;,, is limited by decoherence effect and
optimized value is order of the “apparent” coherence time, which is dependent on measurement
scheme. Coherence time is usually written as 7 (73) for FID (spin echo).

Here we shall discuss the sensitivity limits. The sensitivity is limited by quantum projection
noise and photon shot noise. Quantum projection noise comes from the uncertainty of reading
acquired phase (A¢).[68] This uncertainty is assumed to roughly 1 radian of uncertainty per
measurement shot.[63] We define the minimum detectable field (B,,;,), which will be B,,;, ~
1/y7:0: per measurement shot. The sensitivity is normally characterized as the minimum detectable
field per unit acquisition time 7. Because we can repeat roughly 7'/7;,, measurements in a given
acquisition time T, we increase sensitivity by V1, /7. Projection noise limited sensitivity (17 proj)

can be written as

1 Ttot 1
Buin  ~ \ == —, (1.14)
e ')’Ttot T 'yVTtolT
1
Nproj ~ BminVT = (T/VHz) (1.15)

YN Ttot
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There is further limitation for the sensitivity, the photon shot noise. The signal to noise
for photon shot noise scales as ~ 1/ m, where Nyporon is number of collected photons.
Sensitivity is also limited by the photon contrast to read the spin state. As stated in Sec. 3], spin
state can be read out by photoluminescence intensity being higher for |my = 0) than |mg; = £1).
This difference is not perfect and typically has contrast of 30 % (intensity is about 70 % for
|ms = +1) state compared to |mg = 0)). Total sensitivity limit combining the projection noise and

the shot noise can be written as

n (T/VHz) (1.16)

1
YCnTior
where n is photon collection rate (number of photons collected per one measurement shot) and C

is the contrast as stated above. Although Eq. ['TA is an order estimate of achievable sensitivity, we

can use this as a guide for the sample design.

1.7 CVD-based design of NV-containing diamond for quantum sen-

Sors

In the previous section we have introduced the working principle and the sensitivity limitation
of NV spin quantum sensors. Methods to intentionally create NV centers in diamond is divided
into two groups, irradiation and grown-in. Irradiation type methods are ion-implantation and
electron beam irradiation. Since the position control is relatively easy, ion-implantation has been
the most widely used for sensing below microscopic scale. However, ion-implantation will usually
suffer from substantial damage of diamond lattice by high energy ion collisions, leading to short
coherence time. The best choise for maximizing the coherence time is the grow-in NV center,
which is incorporated during chemical vapor deposition (CVD) diamond growth. It is known that
spin echo coherence time 7, of ~ 600us is available in the high-purity CVD diamond.[69—7T] This
limit is set by nuclear spin bath of '3C with natural abundance (1.1 %). Further coherence time up
to a few milliseconds is possible by isotopic engineering (reducing '*C concentration).[[72]

There are almost no preceding research of the high density nitrogen doping during CVD growth
for NV quantum sensors, especially for (111) oriented diamond. In this thesis we will explore

the capability of this technique. It is straightforward that the high density NV center will result
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in high photon emission rate (n in Eq. [CIf) and sensitivity.[[/3] Although spatial resolution is
reduced compared to the case of single NV center (nm-scale resolution is feasible), high density
NV ensemble layer is suitable for imaging application at optical diffraction limit of pum-scale.
Throughout this thesis, we will use the term ’ensemble’ to denote the dense ensemble of NV

centers, each of which cannot be resolved by diffraction-limited optics (> 10'? centers/cm?).

1.7.1 Photon collection efficiency

There is a problem regarding a intrinsic optical property of diamond. The photon collection
efficiency from the NV centers in the bulk diamond is low due to the high refractive index (2.4)
of diamond. Improvement of photon collection efficiency increases n in Eq. T8 and therefore
has direct impact on sensitivity. High refractive index also means that diamond can work as an
effective light wave guide in low refractive index environments. In order to exploit this property
and improve the photon collection efficiency, pillar-shaped micro-structures fabricated by top-down
lithography and etching have been intensively studied.[[74—R80] However top-down lithography may
suffer from etching-induced damage. We will introduce a new CVD-based micro-structure for

photon collection efficiency enhancement in chapter B.

1.7.2 Selective alignment

NV centers can be formed along four equivalent (111) crystallographic axes due to its structural
symmetry. This intrinsic inhomogeneity degrades the measurement contrast of ODMR because
the change of energy levels depends on the angle between external field and NV center’s symmetry
axis.[57] Assuming the alignment of NV centers is randomly distributed, we can make use of only
25% of the NV centers for a measurement. This partial measurement degrades the measurement
contrast (C in Eq. [IA). If NV centers are selectively aligned along preferred axes, a larger
subset of the NV centers can be utilized and a better contrast can be achieved. Such a selective
alignment is realized for grown-in NV centers in CVD diamond. For (110) and (100) substrates,
NV centers can be aligned along two out of the four axes, reaching a selective alignment of
50%.[KT, 87] Recent studies have revealed that in CVD-grown (111) diamond, selectivity becomes
almost perfect (> 94%) along the [111] direction.[83—85] A high alignment ratio of 73% is also

obtained using (113) oriented substrates, which is more stable than (111) substrates and suitable
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for the growth of thick films.[86] These studies mainly focused on NV centers with relatively low
density, where single NV centers can be resolved optically (~ 10'? centers/cm?). We are interested
in sensing applications at relatively large (um) scale and require high density NV ensemble where
large number of NV centers are in a diffraction limited spot. However, the selective alignment
of such high density ensemble has not been explored. In chapter B, we will show the results of
fabrication and characterization of this kind of selectively-aligned and high-density NV ensemble
in CVD-grown (111) diamond. And then, we demonstrate the AC magnetometer (quantum sensor)

action of the samples in chapter [1.



Chapter 2

Fluorination of graphene

Toward the control of charge and spin transport in graphene, we started by establishing the method
for controllable fluorination of graphene. In this chapter, we will show the fluorination method
using Ar/F;, plasma and the characterization of fluorinated graphene using Raman spectroscopy

and X-ray photoelectron spectroscopy (XPS).

2.1 Graphene samples

Graphene samples for Raman spectroscopy were prepared by the mechanical exfoliation from
Kish graphite onto SiO; (285 nm)/Si substrate. Mono- and bi-layer graphene were identified by
optical microscopy (Fig. Il (a)) and Raman spectroscopy. For XPS analysis, we used large-size
CVD-grown monolayer graphene on a Cu foil as in Fig. I (b) and (c). Fluorination of such a
large graphene was also done after transferring onto a SiO,/Si substrate. We confirmed that more
than 90 % of graphene area was monolayer by using optical microscopy and Raman spectroscopy

after the transfer.

2.2 Fluorination using Ar/F, plasma

An reactive ion etching (RIE) system shown on Fig. was used for plasma fluorination of
graphene. The graphene samples were exposed to Ar/F, (90% / 10%) plasma with a relatively

low RF power of 5 W, a gas pressure of 0.1 Torr, and a total gas flow rate of 75 sccm at room

27



28 CHAPTER 2. FLUORINATION OF GRAPHENE

(a) exfoliated

(b) transferred CVD (low mag.) (c) transferred CVD (high mag.)

Figure 2.1: Optical micrograph of graphene samples on SiO; substrate prepared by (a) mechanical

exfoliation (b) and (c) transfer of CVD-grown graphene on Cu foil.
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Figure 2.2: Schematic view of RIE system used for fluorination of graphene.

temperature. The reaction time ranged from 0.5 to 30 min. We characterized Ar/F, plasma by
using optical emission spectroscopy. The emission signals of 686 nm and 704 nm originating
from fluorine were observed. To suppress the effect of ion bombardment to graphene, the substrate
was placed “face down” (graphene face toward the bottom electrode) using ceramic spacers. This
configuration makes the reaction by fluorine radicals (F*) dominant over charged fluorine and

argon ions. The effect of the face down setup will be discussed later (Section 23).

2.3 Raman spectroscopy analysis

2.3.1 Evolution of Raman spectra with reaction time

Raman measurements were done using a micro-Raman system with a solid-state green laser (532
nm). The spot size was about 1 um and the laser power was kept below 1 mW to avoid laser-
induced damage or heating. Figure I3(a) shows Raman spectra of monolayer graphene before and
after fluorination for different duration. Two pronounced peaks are observed in the spectrum of
pristine graphene. The G peak (~ 1580 cm™!) corresponds to Raman scattering by zero-momentum
phonon, and the 2D peak (~ 2700 cm™!) originates from double resonant scattering by two phonons
with opposite momenta.[K7, K®] Raman spectra are dramatically changed by fluorination. The most

apparent change is the rise of defect-induced D peaks (~ 1350 cm™!). In this case, the defect can
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Figure 2.3: Raman spectra of (a) monolayer and (b) bilayer graphene after fluorination for several
durations. Spectra in each figure are normalized with respect to the G peak intensity. Plots of (c)

D peak and (d) 2D peak intensities vs. reaction time for spectra in (a) and (b).

be attributed to atomic fluorine attached to the graphene plane. Since the fluorination induces sp*
hybridized bonding of a carbon atom with a fluorine atom, it acts as a point defect in the graphene

lattice.

We now focus on reaction time dependence of intensities of the double resonant D and 2D
peaks of monolayer graphene (red lines in Fig. I3(c) and (d)). With increasing reaction time,
the D peak intensity shows non-monotonic behavior and has the maximum at 3 min, while the
2D peak intensity decreases monotonously. Such behavior of the peak intensities indicates an
increase of amount of fluorine atoms attaching to the graphene. Therefore it is possible to control
fluorine density by changing the reaction time. Similar behavior has been also reported previously

on hydrogenated graphene, and theoretical models were proposed.[87-89] The D peak originates
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from phonon-defect scattering process and requires extrinsic scatterings by defects for its activation.
Then the D peak intensity is explicitly modeled to increase linearly with defect density. On the other
hand, defects also perturb electronic states and decrease its life time. This effect leads to decrease
of the peak intensity. The observed non-monotonic behavior of the D peak intensity results from
these two competing mechanisms.[88] Meanwhile, the 2D peak intensity does not increase with
elevation of defect density because it comes from two phonon scattering process. Thus, the 2D
peak intensity shows monotonic reduction caused by the decrease of electronic state’s life time.
We conducted fluorination of bilayer graphene along with monolayer and found that changes of
Raman spectra of bilayer graphene (Fig. Z3(b)) are much different from that of monolayer. As
shown in Fig. 3(c) and (d), the D peak intensity increased monotonically with increasing the
reaction time and reached the value of Ip/Ig ~ 0.5, while change of the 2D peak intensity is
insignificant. Although observed D peak intensities in spectra of bilayer fluorinated graphene are
smaller than monolayer, these are larger than that of previous plasma fluorination studies.[90, 9]
Furthermore, the fluorination of bilayer graphene was also proved by annealing as described below.
The difference of Raman spectra between mono- and bi- layer graphene shows that bilayer is much
less reactive to fluorine radicals than monolayer. The cause of this reactivity difference is likely to
lie in intrinsic microscopic corrugation of graphene.[20, 2] Monolayer graphene has larger ripples
in its plane than bilayer graphene and the corrugation enhances chemical reactivity of monolayer

graphene.

2.3.2 Raman mapping and edge effect

Raman mapping measurements were performed to evaluate spatial homogeneity of fluorination.
Figure 4 (b) shows mapping of the integrated D peak intensity of graphene flakes shown in
Fig. Z4(a). We can confirm clear difference in the D peak intensity between mono- and bi- (or
thicker) layer graphene. It can also be seen that there is little fluctuation in the bulk region of
these graphene and that the D peak intensity is larger near edges of monolayer graphene. For
clarity, a line profile is shown in Fig. Z4(c). The difference in the D peak intensity among three
layer numbers (mono-, bi-, and multi- layer) is clearly detected as step-like profile. The difference
between bi- and multi- layer can be also attributed to microscopic corrugation in graphene. The

surface reactivity is expected to lower by the increase of layer number because graphene layers
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Figure 2.4: (a) Optical Micrograph of 3 min fluorinated graphene. Mono-, bi-, and multi-layer
regions are included. (b) Raman mapping of the integrated D peak (1300 cm™' ~ 1410 cm™!)

intensity. (c) Line profile of the mapping along dashed line in (b).

come close to 3-dimensional graphite and the corrugation is suppressed.[20, 92] Moreover, spatial
homogeneity in bulk region and high intensity near edge of monolayer graphene can be seen in
the line profile. Because the near edge region showed negligible D peaks before fluorination, the
difference can be attributed to difference in fluorination degrees. Further studies are required to

clarify the difference of the reaction mechanism between bulk and near edge regions in graphene.

2.3.3 Reversibility check by annealing

Fluorination is evinced by its reversibility. Fluorine atoms can be detached from graphene surface
by thermal annealing. We annealed the fluorinated graphene samples in Ar atmosphere for 90

min at 573 K. Figure 23 shows Raman spectra of fluorinated graphene before and after annealing.



2.3. RAMAN SPECTROSCOPY ANALYSIS 33

(a) fluorinated (b) annealed

- bi10nﬂnlJﬂk i bi10nﬂnI/\

= = face-up

U L mono

2 2 0.5 min A
(7] (7]

c mono c mono

iC 10 min el | ﬂ 10 min

£ £

2D

G mono
D l 0.5min
1100 1500 2000 2500 3000 1100 1500 2000 2500 3000
Raman shift (cm™) Raman shift (cm™)

Figure 2.5: Raman spectra of fluorinated graphenes (a) before and (b) after annealing. Layer
numbers and fluorination conditions are monolayer 0.5 min, monolayer 10 min, monolayer face-up

0.5 min, and bilayer 10 min (from bottom to top).

For monolayer graphene (black and red lines in Fig. Z3), the D peak intensity decreases and
the 2D peak intensity increases after annealing, indicating reversible fluorination of graphene.
The residual D peak after annealing can be attributed to vacancy defects created when fluorine
is desorbed.[1, O3] The remained D peak has a higher intensity for longer fluorination time
because higher fluorine concentration enhances the chance of vacancy formation during annealing.
It is important to note that bilayer graphene (green lines) also showed reversibility. Although
fluorination degree is relatively low, bilayer graphene can be indeed fluorinated by our method.
Since the dominant use of fluorine radicals is the key characteristic of our method, fluorine radicals

are more effective than fluorine containing ion species for fluorinating bilayer graphene.

Here, we show the effect of graphene-face direction (face-up or face-down) during plasma
treatment. Before annealing, the spectrum of 0.5 min “face-up” treated sample (blue line in Fig.
P3(a)) is similar with that of 10 min “face-down” treated one (red line). After annealing, the
face-up fluorination sample has a much higher D peak than the 10 min face-down treated sample.

This fact clearly indicates that face-up treated graphene was highly-damaged by bombardment of
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fluorine and argon ions during plasma treatment. In contrast, the face-down treatment can utilize

fluorine radicals for fluorination without damaging graphene by the ion bombardment.

2.4 XPS analysis

Figure A shows XPS spectra of transferred CVD-grown monolayer graphene after 3 min fluo-
rination. Pronounced F1s peak and chemical shift of the Cls peak are proofs of the existence of
fluorine atoms and C-F bonding. The F1s spectrum was fitted by two peaks. The main component
at a higher binding energy of ~ 688.5 eV is related to F atoms bonding to graphene and the small
component at a lower binding energy of ~ 687 eV corresponds to F atoms bonding to Si atoms
on the substrate. Carbon-fluorine bonds introduce several chemically-shifted components in the
Cls peak.[94] The strongest component (~ 284.9 eV) corresponds to non-functionalized sp> bond-
ing C atoms. The component with the second lowest binding energy (~ 285.7 eV) is attributed
to aliphatic non-functionalized sp® C atoms (surface contamination) or non-functionalized sp?> C
atoms which have one neighboring C atom bonded with one F atom. Three small components
labeled “C-CFn” in the figure (286.5 ~ 288.2 eV) are also related to non-functionalized C atoms
with some fluorinated neighbors. Components with larger shifts are attributed to C atoms directly
bonded to F atoms. In addition to C atoms bonded with one F atom (~ 289.6 eV), C atoms bonded
with two or three F atoms (~ 291.7, 293.5 eV) exist. These multiple fluorine bonds are likely to
form at defects, edges, or grain boundaries, amounts of which are thought to be relatively large in
the transferred CVD graphene sample. This fact makes it difficult to estimate F/C ratio accurately
by analyzing area ratio of the F1s to Cls peaks. To estimate F/C ratio excluding multiple fluorine
bonds, area ratio of the C-F component in the C1s peak to the whole C1s peak can be used. From
the peak analysis, we obtained an F/C ratio of 0.17, corresponding to fluorination of one of 6 C

atoms.
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Figure 2.6: XPS (a) Cls and (b) F1s spectra of monolayer graphene after 3 min fluorination. (dots:

experimental data, black lines: fitting curves, red lines: sum of the fitting curves) The background

is subtracted.






Chapter 3

Charge transport of fluorinated

graphene

Before proceeding to the control of spin transport, we will show charge transport properties of
fluorinated graphene in this chapter. Dependence on fluorine concentration and temperature is
explored in order to examine the effects of fluorination on transport mechanism. The last section

is on the improvement of the device performance using ionic liquid gating.

3.1 Device structure and measurement system

The fluorinated graphene field effect transistor (FET) devices are fabricated by electron beam (EB)
lithography and EB evaporation of Ti/Au and lift-off. Cross sectional schematic of the device is
shown in Fig. B1l. Carrier (electron and hole) concentration in fluorinated graphene is controlled

by back gate voltage (V).

Three-terminal transport measurements were performed in a vacuum probing system from at
room temperature down to at 78 K. First, linear /p-Vp (drain current - drain voltage) characteristics
were confirmed and then /p-V; (drain current - back gate voltage) curves were measured at a fixed
Vp. Two-terminal resistivity was obtained by the relation p = (W/L)(Vp/Ip), where W and L

are sample width and length, respectively.

37
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Figure 3.1: Cross sectional schematic of (fluorinated) graphene FET device.

3.2 Room temperature characteristics

Figure shows Raman spectra (a) and room temperature p-V (b) characteristics of monolayer
fluorinated graphene devices with different fluorination times. Resistivity gradually increases up to
3 orders of magnitude larger value than pristine graphene. CNPs of fluorinated graphene are more
largely shifted to positive Vs than pristine graphene. Although uncontrolled transfer doping from
physisorbed molecules or resist residues cannot be perfectly excluded, this result indicates the hole

doping of fluorinated graphene due to the high electronegativity of attached fluorine atoms.[95]

The characteristics of bilayer graphene are shown in Fig (c) and (d). Changes in both
Raman and transport characteristics by fluorination are obviously smaller than those of monolayer
graphene. This result is consistent with previous reports,[21, 90] and is possibly due to the
suppression of ripples in bilayer graphene with enhanced surface stability.[20]] Thus, we will focus

only on the monolayer graphene in what follows.
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Figure 3.2: (a) Raman spectra and (b) transport characteristics at room temperature of fluorinated

monolayer graphene devices. (c) and (d): Characteristics of fluorinated bilayer graphene devices.

Inset to (d): optical micrograph of a typical monolayer fluorinated graphene device.
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3.3 Temperature characteristics

To examine transport mechanism, we measured temperature characteristics of the devices (Fig.
B3). We define Vonp as the gate voltage at which resistivity takes maximum value and each
curve in Fig. B3 is shifted with respect to Ve p. Also shown in Fig. B3 is estimated surface
charge density n = eggVg/te. Here g, &0,t, and e are permittivity of SiO;, electric constant,
thickness of SiO,, and elementary charge. Pristine graphene shows slightly increasing resistivity
with increasing temperature (Fig. B3 (a)). This type of temperature dependence can be accounted
for the electron scattering from phonon in graphene and surface phonon of SiO; substrate.[96] On
the other hand, increasing resistivity with decreasing temperature is clearly observed on fluorinated

graphene (Fig. (b), (c), and (d)), which indicates insulator-like behavior.

3.3.1 Variable range hopping

As shown in Fig. B4 (a), this temperature dependence is well fitted by variable-range hopping

model (VRH) in two dimensions:[97]

p = poexp [(To/T)'7] 3.1
13.8
Ty = N (Ep) a2 (3.2)

where Ty, kp, N(EF), and a are characteristic temperature, Boltzmann constant, density of states at
Fermi level, and localization length. Good fitting to the VRH model suggests existence of localized
electronic states around Fermi level.[24-D8] Slopes of the lines in Fig. B4 (a) (corresponding to
Tp in Eq. (B)) are strongly dependent on gate voltage, with higher Ty in lower Vg — Venp.

Fig. B4 (b) shows Vi dependence of Ty. In the dilute fluorinated (0.5 min) device, Ty goes
to zero by introducing high carrier density. Vanishing 7y means that VRH model no longer holds
at high carrier density. As shown in Fig. 2 (b), T dependence of p in this region is very weak
and conductivity exceeds minimum conductivity of graphene 4¢?/h, implying onset of metallic
conduction.[20, 24, 5] The transition from insulating (VRH) to metallic conduction gradually
disappears by increasing fluorination rate. Although tendency toward the transition is kept in 10
min fluorinated device, finite 7Ty (~ 85 K) remains at the highest carrier density. Regarding the

most highly fluorinated (30 min) sample, quite high 7y is maintained over whole Vi range. These
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Figure 3.3: Temperature characteristics of (a) pristine, (b) 0.5 min, (c) 10 min, (d) 30 min
fluorinated graphene devices. The temperatures are 78, 110, 180, and 300 K (from bottom to top

for (a); from top to bottom for (b), (c), and (d)).
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results indicate that states in wider energy range become localized by introducing higher fluorine

density.

3.3.2 Asymmetric feature

We now focus on anomalous features in transport properties of highly fluorinated graphene: kink
or local resistivity maxima appearing at around Vg —Venyp = —38 V (Fig. (c)) and —-53 V (Fig.
B3 (d)). Electron-hole asymmetry in resistivity accompanies these features. Asymmetry becomes
higher with elevating energy from CNP (|Vs — Venpl), reaching values of pr,/p. (|Ve — Venpel =
32 V) = 1.2 for 10 min fluorinated graphene and py/p.(|Ve — Venp| = 40 V) = 2.5 for 30 min
at 78 K. These features can be ascribed to resonant fluorine impurities. It is reported that fluorine
adsorbates create a midgap impurity state at relatively distant energy level (-0.67 V) from CNP,[27]
which is fluorine’s unique property. This kind of impurity introduces energy-dependent scattering
rate, and can create electron-hole asymmetry and local maximum in transport characteristics.[28—
31] Using pristine graphene’s density of states (DOS), Vg —Venp = =38 and —53 V correspond to
Er ~ —-0.2eV. Due to relatively high impurity concentration where localization effect is important,
resistivity of these samples reflects not only scattering rate from independent impurities, but also
localization effect and perturbed density of states structure. Quantitative discussions on the position
of these features require more detailed theoretical and experimental studies, however, the order of
them seems to be reasonable when compared with the calculated energy level of midgap state of
resonant fluorine impurity.

When discussing electron-hole asymmetry in resistivity, we have to consider the effect of
carrier injection from invasive metal contacts.[98-T00] It is claimed that metals directly deposited
on graphene cause carrier injection into graphene, or Fermi level pinning, owning to the work
function difference. In our case using Ti contact, n-type pinning of graphene below the contact
can be assumed. Therefore p-n junction close to contact is formed when bulk graphene is p-doped,
whereas n-n junction is formed when n-doped. This leads higher (lower) resistivity in p-doped
(n-doped) region. Asymmetry appearing in our data possibly includes such an effect, however,
the simple model above should result in monotonic carrier density dependence of resistivity in
p-doped (or n-doped) region. Only the contact doping seems to be insufficient to explain the local

resistivity maximum in p-doped region, which is our main finding.



3.3. TEMPERATURE CHARACTERISTICS 43

(a) 10° ‘ ‘ ‘
0V, T, =8900 K
S 10°
a 100V, T, = 100 K
0—/'/
4 L L L L
10016 0.20 0.24
T-1/3 (K-1/3)
(b) n (10" cm?)

-0 -8 -6 -4 -2 0 2
120000/ 30 min
80000/
40000/

OF
8000 10 min
g 6000
> 4000
2000

0

200} 0.5 min
150}
100t

50t

0

2120 -100 -80 -60 -40 -20 0 20
VG - VCNP (V)

Figure 3.4: (a)Fitting to VRH model of temperature characteristics of 10 min fluorinated graphene.
The upper data is resistivity at Vg — Venyp = 0 V and the lower data is resistivity at =100 V. (b) Vs

dependences of characteristic temperature 7y in VRH model.



44 CHAPTER 3. CHARGE TRANSPORT OF FLUORINATED GRAPHENE

n (10" cm?)
(a) (b) -6 -4 -2 0 2 4
after
= 20 :
c after annealing l
o annealing — 78K
5 515 — 10K
>| D 2 — 180K
> a 300K
§ 10¢
£

before
annealing 2D

1100 1500 2000 2500 3000 -80 -60 -40 20 O 20 40
Raman shift (cm™) V- Vene (V)

Figure 3.5: (a) Raman spectra of 30 min fluorinated graphene device before and after annealing.
(b) Temperature characteristics of the device after annealing. The temperatures are 78, 110, 180,

and 300 K (from top to bottom).

3.3.3 Reversibility check by annealing

To further evidence that the anomalous features discussed above originate from fluorine impurities,
we have defluorinated the samples by thermal annealing. The devices were heated at 300 °C for 30
min in Ar atmosphere with a pressure of 10 kPa and a flow rate of 100 sccm. Figure B (a) shows
Raman spectra of 30 min fluorinated graphene before and after annealing. Before annealing, the
D and G peaks have large width and intensity of the 2D peak is very low. These features similar to
the spectrum of amorphous carbon indicate quite large amount of disorder induced by randomly
attaching fluorine impurities.[87, 0] Sharp D and G peaks and intense 2D peak are recovered by
the annealing, which means removal of fluorine atoms from graphene. The remaining D peak can
be accounted for point defects created when fluorine atoms are detached.[1], 93]

Temperature characteristic of the annealed device is shown in Fig. B3 (b). Although the
order of resistivity decreases by annealing, it is only about one order larger than pristine graphene
(Fig. B3 (a)). This is consistent with presumable existence of structural point defects detected by
Raman spectroscopy. The local resistivity maxima in the hole conduction region now disappeared
completely. Instead, annealed graphene shows asymmetry opposite to that before annealing,
namely, higher resistivity at the electron conduction region (positive Vg — Vo p). This asymmetry

is comparable to that of fluorinated graphene: p./pn (Vg — Venpl =40V) = 1.7 at 78 K. A kink
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feature also appears at the electron conduction region. It is speculated that these features are also
originated from resonant impurity states with energy levels distant from CNP. In this case structural
point defects, possibly vacancies, are regarded as the resonant impurities. The positions of vacancy
defect levels in graphene have been reported to depend on the type of reconstruction, and to be
at positive energy in some configuration.[BU] Although the dominant type of defect in annealed
device is currently unknown, there is a notable difference from fluorinated device. Therefore, we
conclude that this kind of asymmetric properties could be useful, with further detailed studies, to

derive the information on covalently bonded atoms or structural defects in graphene.

3.4 Ionic liquid gating

When we see the fluorinated graphene FETs as switching device, on/off ratio becomes important.
We have shown insulator-like behaviour of flurinated graphene, at least around charge neutrality
point. If we can apply very high gate voltage on fluorinated graphene FETs, we may move the
Fermi level to energy levels where localization length is much shorter or even levels where we
see metallic conduction. This kind of metal-insulator transistion could result in high on/off ratio.
However, what we see in Sec. B2 were not high on/off ratios at room temperature. On/off ratio is
about 10, even if we apply gate voltage over 100 V. The reason of this low performance could be
that there are too many impurity states near charge neutrality point and the electric field effect is
not enough high to move the Fermi level substantially.

A method to induce much higher electric field effect in graphene is ionic liquid gating (ILG).
In this section we apply the ionic liquid gating to graphene and fluorinated graphene to see the
possibility of higher on/off ratio.

Schematic and optical micrograph Ionic liquid gating device is shown in Fig. B-A. Since the
BG device has a thick gate dielectric (285 nm SiO;), induced carrier concentration cannot be high,
for instance 10! cm™2 at Vi = 2 V. On the other hand, in the case of ILG, the thickness of the
gate dielectric (electric double layer of ion liquid) is extremely thin (1 nm) and has high dielectric
constant (12.8), carrier concentration can reach the value around 10'* cm=2 at Vg = 2 V.

Transport properties of pristine and 30 min fluorinated graphene at room temperature are shown

in Fig. B7. The curves are shifted with respect to the CNP. As shown in Fig.B72 (a), (¢), ILG of
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Figure 3.6: (a) Cross-sectional schematic of back gate operation of fluorinated graphene FET. (b)
cross-sectional schematic of ionic liquid gating. (c) optical micrograph of a fluorinated graphene

FET without ionic liquid. (d) optical micrograph with ionic liquid.
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pristine graphene leads to lower resistivity at the same gate voltages than BG, indicating low voltage
driving by ILG. However, the on/off ratios do not change so much for both BG (5.9) and ILG (6.5)
due to saturating behavior of resistivity at high carrier density in pristine graphene FET[T02-104].
Here, the on/off ratio was calculated using the ratio of the maximum and minimum resistivity of
the curves: the ratio of resistivity at Vg — Veyp = 0V and -50 V for BG, at Vg — Venyp =0V and
2 V for ILG. In contrast, for fluorinated-graphene, an apparently lower minimum resistivity was
obtained by ILG than BG. In the 30 min fluorinated-graphene, electronic states are localized over
the whole BG region. Higher charge density induced by ILG could move the Fermi level toward
the energy region with larger density of states and localization length, leading to a lower resistivity
in VRH conduction. As a result, the twice higher on/off ratio (10) was obtained for fluorinated-
graphene with ILG. Note that ILG also leads to low voltage driving in fluorinated-graphene, as
shown in Fig. B2 (b), (d).

The dependence of the on/off ratio of BG and ILG devices on the fluorination time at room
temperature is shown in Fig. B8. For all reaction times, higher on/off ratios were obtained by ILG.
While the BG fluorinated-graphene devices show lower on/off ratios than that of the BG pristine
device, the on/off ratio clearly increases with higher fluorine densities (10 and 30 min) for the ILG
devices. The resistivity increases at both on- and off-states after fluorination. Hopping conduction
degrades the effect of BG, as observed in Fig. B71 (b). Accordingly, the resistivity at on-state does
not decrease efficiently, resulting in the lower on/off ratios in the fluorinated-graphene devices than
that of the pristine device with BG. On the other hand, one can reach to the range of much larger
density of states and localization length with ILG because of the extremely high electric field effect,
which leads to drastic decrease of the on-state resistivity. As a result, the ILG fluorinated-graphene
devices have the higher on/off ratios than that of the ILG pristine device in spite of the increase
of the on-resistivity by fluorination. Therefore, the higher on/off ratios can be obtained by the

combination of fluorination and ILG.
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Figure 3.7: (a) Gate voltage dependence of resistivity of pristine graphene FET with back gating
(BG) and ionic liquid gating (ILG). (b) Same characteristics of 30 min fluorinated graphene FET.
(c) Magnified view of (a) for ILG. (d) Magnified view of (b) for ILG.
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Figure 3.8: On/off ratios of fluorinated graphene FETs with different fluorination reaction time.

Zero reaction time corresponds to pristine graphene.






Chapter 4

Spin transport of fluorinated graphene

As in introduction (Sec. [4), one of the goals of our graphene research is to control and generate
spin current by fluorination. In former part of this chapter, we explore the possibility of spin
transport control of fluorinated graphene through magneto-transport measurement. We will show
the results of non-local resistance measurements to prove the possibility of spin Hall effect in the

latter part.

4.1 Magnetotransport and control of spin relaxation

Magnetotransport is a well-established tool to extract important physical parameters of mesoscopic
samples. In this section, we present the magnetotrasport properties of dilute fluorinated graphene,

extract parameters related to spin relaxation, and show the possibility of spin relaxation control.

4.1.1 Device structure and measurement system

The Hall bar structured device (Fig. B) is used for magnetotransport measurements. Fabrication
procedures of this device is same as devices used in Chapter B. The graphene channel is dilute-
fluorinated with reaction time of 30 seconds before patterning and depositing electrodes. In dilute
regime, we can estimate defect (or fluorine) density in graphene from Raman spectrum (Fig. B2,
upper spectrum), that indicates fluorine density of 8 x 10'" cm™2 or fluorine-to-carbon ratio of 0.02
%.[I0S, TOA] We have also fabricated a pristine graphene device for comparison. Amount of point

defects of pristine graphene device is undetectable in terms of D peak of Raman spectrum (Fig.

51
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(A
—®

Figure 4.1:  Optical micrograph and measurement setup for the fluorinated graphene Hall bar

device.

B, lower).

Magnetotransport measurements are conducted in Helium refrigerator equipped with super-
conductor magnet which can generate magnetic field up to 10 T perpendicular to the sample.
Temperature of the device is varied by a heater. Four terminal conductivity (resistivity) of the
device is recorded as a function of gate voltage, magnetic field and temperature. The bias voltage
is applied and the current (/) through the device is measured by current amplifier and voltmeter as
in Fig. BEl). Simultaneously, we measure voltages appeared at longitudinal voltage probes (V) and
Hall voltage probes (Vi) by low-noise preamplifier and voltmeter. Four terminal (longitudinal)
resistivity can be written as pxx = (W/L)(V/I), and the Hall (transverse) resistivity is written as
Pxy = Vu/I. Measurements of the values above are conducted while all of the parameters (gate
voltage Vi, temperature T and magnetic field B) is controlled and swept by a custom software on

PC.
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Figure 4.2: Raman spectrum of graphene channel of the Hall bar device for magnetotransport

measurement. Upper (lower) panel is the spectrum of fluorinated (pristine) graphene.

4.1.2 Localization and Hall effects

We shall show basic properties of the devices through standard Hall measurements before going
to detailed magnetotransport. Transport properties without magnetic field is shown in Fig. E3. At
zero field, conductivity is just a inverse of resistivity (oo = 1/pxx). The conductivity of pristine
graphene device (Fig. B3 (a)) shows very weak temperature dependence. On the other hand, the
conductivity of fluorinated graphene shows weak but clear temperature dependence. Conductivity
exceeds minimum metallic conductivity of the graphene (4e/h) at high gate voltages. With
low gate voltage (near charge neutrality point), conductivity is the same order of e¢/h. It is
not straightforward to determine whether fluorinated graphene is metallic (weakly localized) or
insulating (strongly localized) in this regime. As shown in Fig. B4, temperature dependence of
the resistivity is well-fitted to VRH model introduced in Section B3], only where the resistivity is
above 1/(2¢%/h). The resistivity deviates from this model for lower resistivity, that is indicative of
transition from strongly localized to weakly localized regime.[?5] Thus, we shall set the boundary
between the two states as o = 2¢2/h. We will use only metallic region for detailed magnetotransport
measurements in subsequent section.

Hall effects can be clearly seen in both Hall bar devices. Figure B3 shows conventional Hall
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Figure 4.3:  Four terminal conductivities of the Hall bar device as functions of gate voltage.
(a) Characteristics of pristine graphene device. Temperatures are 7, 15, 30, 50, 100 K. (b)
Characteristics of fluorinated graphene device. Temperatures are 2.6, 3, 5, 7, 10, 20, 30, 50, 75,

100 K (from bottom to top).
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Figure4.4: Fitting to the VRH model of the temperature dependence of resistivity of the fluorinated
graphene Hall bar. Gate voltages are 15, 25, 30, 40 V (from top to bottom). Dashed line is the
fitting to VRH model using only 5 data (low temperatures: 2.6, 3, 5, 7 and 10 K) for each gate

voltage.
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Figure 4.5: Conventional Hall effect of the (a) pristine and (b) fluorinated graphene Hall bar

devices.

effect in relatively low magnetic field (1 T). We can see switching of Hall resistance polarity
at resistivity maximum (charge neutrality point). Fluorinated graphene has broader gate voltage
range where Hall resistance polarity is switching (around Vg = 5 ~ 25 V) than pristine graphene.
This feature can be attributed to strongly localized nature in this region, as described above. The
carrier mobility has weak gate voltage dependence in both devices, and the values are around
u = 14000 cm?/Vs for pristine and u = 500 cm?/Vs for fluorinated graphene. Behaviors at
high magnetic field is qualitatively different reflecting this mobility difference. Pristine graphene
shows clear anomalous quantum Hall effect at 10 T as shown in Fig. B, which is an evidence
for two dimensional massless Dirac fermion in graphene.[T07] Note that transverse conductance
Oxy = Pxyl( piy + pi ), instead of pyy, is plotted in this figure in order to clarify the existence
of Hall plateaux. Fluorinated graphene actually shows a quantum oscillation in spite of its low

mobility, however, it is only a hint of quantum Hall effect.

4.1.3 Magnetotransport property

Further details on the conduction mechanism can be revealed by measuring magnetoconductiv-
ity, i.e., conductivity as a function of magnetic field applied to the device. Figure B shows
magnetoconductivity at gate voltage of —25 V and at different temperatures. Gate voltage of

—25 V corresponds to carrier density of —3.0 x 10!2 cm™2. Dashed lines are fit to the follow-
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Figure 4.6: (a) Quantum Hall effect of the pristine graphene Hall bar device. (b) Fluorinated

graphene Hall bar shows only a hint of quantum Hall effect.

ing equation describing magnetoconductivity due to the weak localization effect in disordered

graphene.[33, TOX, T0Y]

e? 41z 41z 41z
Aoc(B) = — |F - F - 2F 4.1
(B) h Lg—b2 L;Q +2L7? L;Z + L2+ L7 @1
1 1
F(z) = lnz+¢(—+—) 4.2)
2z

Here ¢, 5 = Vi/eB, Ly, L; and L, are digamma function, magnetic length, phase coherence
length, intervalley scattering length, and intravalley scattering length, respectively. Exact deter-
mination of 3 fitting parameters (Lg, L; and L,) is difficult, however, we can reproducibly extract
only Ly by starting fitting with condition L; ~ L, or assigning L; = L.

Temperature dependence of phase coherence length is extracted from fitting of each curves.
Furthermore, we can repeat the fitting for data at other gate voltages to acquire Ly as a function
of the carrier density and the temperature. Figure B8 shows temperature dependence of phase
coherence time 74 = Lé /D for three selected carrier densities. Apparently, 74 increases with

decreasing temperature. Each data is fitted to the following equation.

del =al + bT? + Ts_all

(4.3)

Linear and quadratic temperature dependence can be explained by electron-electron interaction. [T~

112] The important point is saturation (7, ) at zero temperature limit. This kind of saturation has
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Figure 4.7: Magnetoconductivity of the Hall bar device. Vg = —25 V corresponds to n =
—3.0 x 10'2 cm™2. Temperatures are 2.6, 3, 5, 7, 10, 20, 30, 50, 75, 100 K (from bottom to top).
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Figure 4.8: Temperature dependence of electron phase coherence time (7).

been ascribed to decoherence due to another degree of freedom, for example, spin.[33, I13] Here

we can at least say that 7, is lower bound of spin coherence time.

Obviously, 754, is dependent on carrier density (or gate voltage). 754, - Vi relation is plotted
on Figure. E9. 74, can be modulated by about 1 order of magnitude by changing gate voltage.
The result indicates a possibility of gate-controlled spin relaxation, which might be applied to, for
example, spin FET applications. This behavior might be explained by resonant impurity states
introduced in Section B3, At low gate voltage, energy level of the carriers is close to resonant
impurity levels and probability of spin-flip scattering could be high. On the other hand, carrier
has high energy and scattering rate is low at high gate voltage. Since we have found electron-
hole asymmetry of transport properties due to the energy of resonant impurity state in Section
B37, we may also expect the asymmetry on phase coherence. However, we cannot find a hint
of asymmetry in Fig. BY. The reason is for now unclear and more direct observation of spin
related properties could provide clearer understandings, part of which we will show in subsequent
Section. We here note that Ref. [T3] shows similar experiments using pristine graphene and finds
a saturating behavior of Ly at about one order smaller temperatures (~ 0.1 K). The L4 on order

of 1 um is about one order larger than our results and another work using fluorinated graphene
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Figure 4.9: Gate voltage (carrier density) dependence of 7,;.

(Lg ~ 100 pum).[33] Lower Ly might be regarded as a degradation of graphene properties, however,
our result clarified the role of impurities as a limiting factor of spin relaxation, which was one of

the possible explanations in Ref. [ITT3].

4.2 Non-local resistance and spin Hall effect

As introduced in Sec. 47, impurities can contribute not only to spin relaxation but also to
another spin-related effect, the spin Hall effect. It is theoretically shown that point(-like) defect on
graphene can cause resonant skew scattering that results in large spin Hall effect.[24] Experimental
evidence of this extrinsic spin Hall effect is shown by non-local resistance measurements using
hydrogenated graphene.[#3] It should be important to see if this effect appear in fluroinated
graphene as well because fluorine has been shown to have asymmetric impurity states with respect

to charge neutrality point (Sec. B372).
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Figure 4.10: Schematic of the experimental setup for non-local resistance detection of spin Hall

effect.

4.2.1 Device structure and measurement system

We set up the experiment as shown in Fig BET0. In this experiment, fixed current is passed through
a terminal pair of the Hall bar device and voltage at another terminal pair is measured. Non-local

resistance Ry, is defined as follows.

Rnr =V/jq 4.4

Since there should be current distribution spreading toward voltage probes, there is insignificant
contribution, namely Ohmic contribution, in non-local resistance. The Ohmic contribution is

written as,

Ronmic = pe ™HW, (4.5)

where p, L and W are resistivity (sheet resistance), length between two terminal pairs, and width
of the Hall bar. If there exists the spin Hall effect, charge current is converted to transverse spin
current (spin Hall effect), and then converted to charge current again at voltage probe (inverse spin
Hall effect). This additional current will result in additional voltage and non-local resistance.

The Hall bar used for this experiment is similar to that in previous section (&), except that
graphene is patterned into well-defined structure by electron beam lithography and O, plasma
etching, before electrode deposition. Optical micrograph of the device and measurement setup
is shown in ET1. Measurements were performed with the device in a vacuum probing system
from at room temperature down to at 85 K (same one used in Chapter B). Since the voltage signal
will be small, lock-in amplifier is used for this measurement. Sinusoidal excitation current with

low frequency (1 Hz) from one lock-in amplifier is applied to the device through current limiting
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Figure 4.11: Optical micrograph of the fluorinated graphene Hall bar device and measurement

setup for non-local resistance measurement.

resistor. The non-local voltage is picked up by a low noise preamplifier and detected by another
lock-in amplifier in synchronization with the first one. Measurements of conventional four terminal
resistivity are also conducted using the same setup.

Raman spectrum of the fluorinated graphene channel of the device is shown in Fig. ET2.
Estimation of the fluorine concentration (same as previous section) results in fluorine density of
4 % 10" ¢cm™2 or fluorine-to-carbon ratio of 0.01 %. Fluorination condition is same for the device
in previous section, however, fluorine concentration might be reduced during extra lithography
process for O, etching.

Figure shows conventional resistivity of the device. Since fluorine concentration is lower,
the resistivity is lower than the device in previous section and is always lower than 1/(2¢2/h).

Thus, we can assume that this device maintains metallic conduction over all gate voltages.

4.2.2 Non-local resistance

Measured non-local resistance as a function of gate voltage is shown in Fig. BET4. We can see

that non-local resistance (Ryy ) is greater than estimated Ohmic contribution (Ronmic) at gate
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Figure 4.13: Four terminal resistivity of the fluorinated graphene Hall bar device as a function of

gate voltage at room temperature.
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voltage over ~ 15 V. To clarify the difference, the ratio of additional non-local resistance to sample
resistivity ((Ry — Ronmic) /p) is also shown. Here we identify Vo p as gate voltage that shows
maximum resistance. According to a theory, non-local resistance due to the spin Hall effect can be
written as[[[14]

1 w
RNLE = 37 P exp (-L/Ly). (4.6)

Here y and L are spin Hall angle and spin relaxation length, respectively. Since we could observe
the same characteristics for different lengths (L) using different terminal pairs in the Hall bar
device, we can fit the scaling of non-local resistance with L.

Figure BT3 shows the scaling characteristics at gate voltage of Vg — Venp = 2.0 V, around
which Ry exhibits maximum value. Data can be fitted to Eq. B8, yielding Ly about 680 nm (300
K) or 950 nm (85 K) and y ~ 0.6 for both temperatures. Resultant spin relaxation length seems
to be reasonable considering that Ly > 200 um was estimated for the device in previous section
and this device has lower fluorine concentration than that. Spin Hall angle is similar to the values
found in hydrogenated graphene.[43] This value is one order larger than that of Pt (about 0.01[25])
and very promising if it is true. However, there is unignorable possibility that these results contain
spurious contributions to Ry due to, for example, the inhomogeneity of sample resistance or
geometry.

Hanle effect can be used to evince the existence of spin Hall effect and give more reliable
estimation of the parameters. We have actually tried to observe the Hanle effect, however, it was
very difficult to distinguish the Hanle effect from magnetoresistance due to weak localization effect.
The quantum sensing using NV center, which we start to describe from subsequent chapter, may
provide in the future a tool to overcome these problems and to show a stronger evidence of spin

Hall effect in graphene. (possible experiment design will be shown in Sec. BZZT)
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Chapter 5

Diamond micro-structure for photon

collection efficiency improvement

In this chapter, we propose a new position-defined top-closed umbrella-shaped structures for photon
collection efficiency improvement. The umbrella-shaped diamond micro-structure is formed by
a bottom-up fabrication method utilizing the selective and anisotropic growth through holes in a
metal mask.[[[T5-117] The umbrella-shaped structure has an effect similar to solid immersion lens
(SIL), i.e., it reduces the chance of total reflection at the upper surface and focuses the emitted light
toward upper side of the structure.[[TR, TT9] The metal mask also serves as a self-aligned mirror
which further enhances the collection efficiency by reflecting the light at the lower surface of the

structure.

5.1 Simulation

First, we compare the collection efficiency of the emissions from a single NV center in bulk,
pillar-shaped, and proposed umbrella-shaped diamond using three-dimensional finite difference
time-domain (FDTD) simulations. Figure BT shows the analyzed structures and their electric field
maps for emission at a wavelength of 637 nm (ZPL of the NV~ center). In the planar view, the
pillar and the umbrella-shaped structures have 4-fold rotational symmetry and the light source
(NV~ center) is located at the center. The depth of the light source is 600nm from the top of the

structure. The pillar- and umbrella-shaped structures (Figs. B (b) and (c)) have the Ti metal

65
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Figure 5.1: Schematic images of analyzed objects and electric field maps calculated by FDTD
simulations of (a) bulk diamond, (b) pillar-shaped structures, and (c) proposed umbrella-shaped
structures. Cross-sectional schematics, planar field maps at the height A, cross-sectional maps,

and planar maps at the height B are shown from top to bottom.

mask. In the simulation, we assume that the reflectivity of the interface between Ti and diamond is
100%. The umbrella part possesses the 111 crystal faces, leading to a top angle of 109.5°. This is
the best angle among possible growth modes which can be easily grown by controlling @ parameter

as explained below.

We analyze the field intensities at the plane located at 1.5 um above the light source (labeled
“A” in Fig. Bl), and at the boundary between the grown diamond and the substrate (labeled “B”).
When we normalize the electric field intensity by that of the view plane A of the bulk diamond,

the intensity increases to 7.6 and 9.2 for the pillar-shaped and the umbrella structure, respectively.
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On the other hand, at the view plane B, the corresponding values are 1.0, 0.48, and 0.18 for bulk,
pillar, and umbrella, respectively. As we have expected, the umbrella-shaped micro-structure can
collect the emitted light at the upside more effectively than the pillar-shaped structure. Note that
anisotropic spatial distributions of the field maps originate from interference effects, which depend
on the wavelength and the shape of the diamond micro-structure. The reason why the distribution
has a line symmetry in the planar view rather than a 4-fold rotational symmetry is that the electric

field of the wave source is oscillating along one axis.

5.2 Fabrication process

The umbrella-shaped diamond structures were fabricated by microwave plasma chemical vapor
deposition (MPCVD) on a type-Ib (001) single-crystal diamond substrate. A 200-nm-thick Ti mask
with circular patterns of 400 nm to 50 pum in diameter was formed on the substrate by electron
beam lithography. We also designed a bulk region without the Ti mask on the same substrate for
the reference. The diamond micro-structures were grown through the mask patterns for 10 h with
1% CH4 and 50 ppm N, gases mixed in H, gas. The growth temperature and pressure were 650
°C and 5 kPa, respectively.

Figure B2 (a) shows the growth process of the micro-structure. First, diamond is synthesized
upward on the exposed diamond substrate until the top surface reaches the height of the Ti mask.
Then, it starts to grow also laterally to form the micro-structure. Here, we realized the umbrella-

shape by controlling the @ parameter,[120] expressed as

Voo

a=V3i—,
Vi

G.D

where Vpo1 and Vy; are growth rates on the (001) and (111) faces, respectively. We used an «
parameter close to 3 to enhance the growth towards the [001] direction. Under this condition, the
(001) top face tends to disappear, while the (111) faces appear as the diamond grows, resulting in
an umbrella-shaped structure. Figure (b) shows a scanning electron microscopy (SEM) image
of a diamond micro-structure grown through a 400 nm Ti mask pattern which works as a mirror
self-aligned to the diamond structures. Note that the handle of umbrella is not seen in Fig. (b),
because the Ti mask was not removed. In this study, all the observations and optical measurements

are done with the mask.
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Figure 5.2: Fabrication process of an umbrella-shaped diamond micro-structure using the crystal
anisotropy. (b) SEM image of a diamond micro-structure containing NV centers grown from 400

nm Ti mask pattern.
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5.3 Measurement results

5.3.1 Confocal microscopy

Confocal microscopy measurements were performed to experimentally confirm the improvement
of the photon collection efficiency. Details of the microscope is presented in Appendix Bl. Figure
B3 shows SEM and confocal microscopy images of the micro-structures grown through the 400
nm, 1 ym, and 20 um pattern holes. As shown in the SEM images (top panels), the large patterns
(1 and 20 um) possess flat top surfaces, where significant improvement of the photoluminescence
intensity is not obtained since the center of the structure is almost equivalent to the bulk diamond.
Note that slight enhancement of the intensity is seen at the tapered edge of the structure. On the
other hand, diamonds grown through the 400 nm holes (Fig. B3 (a)) become the expected umbrella
shaped structure with sharp top edges. The enhancement of the luminescence intensity is clearly
seen in the confocal confocal microscopy microscopy images. The maximum photon count rate of

the 400 nm structure (6.4 Mcps) is 3 times higher than that of bulk diamond (2.1-2.2 Mcps).

5.3.2 Photoluminescence spectrum

The increase of the photoluminescence intensity in the small sharp micro-structures was further
confirmed by the measurements of the spectra in a wider wavelength range. Figure B4 (a) shows
photoluminescence spectra from the NV centers in bulk diamond and in micro-structures grown
with the 400 nm, 1 um, and 50 um mask patterns. A sharp Raman peak from the diamond lattice
appears at 573 nm. The ZPL of the NV centers is seen at 637 nm, accompanied by the broad
phonon side band. In addition, we observe the ZPL of neutral NV (NV9) centers at 575 nm with its
phonon side band. The overall intensity increased significantly as the structure size decreased. In
order to study the dependence of the overall photoluminescence intensity on the structure size, we
integrated each spectrum in Fig. 54 (a) from 575 nm (where the ZPL of the NV center appeared)
to 700 nm. Figure B4 (b) shows the integrated intensity as a function of the pattern size. It can be
seen that the intensity for the 5-50 um structures was similar to that for the bulk diamond (1.1x 10°
counts). Therefore, 5 yum or larger structures are ineffective for collecting photons at the top part
of the structures. On the other hand, the intensity for the 400 nm structure was 5.6 X 106 counts,

which is about 5 times higher. By the FDTD simulation as shown in Fig. B, the collection
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Figure 5.3: SEM images (top), cross-sectional (middle), and planar (bottom) confocal microscopy
images of the diamond micro-structures grown through (a) 400 nm, (b) 1 um, and (c) 20 um patter
holes. The bottom planar images are taken at the height indicated by dotted lines in corresponding
cross-sectional images. All scale bars are 2 um. All confocal micrographs are taken with the laser

power of 0.1 mW.
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Figure 5.4: (a) photoluminescence spectra emitted from NV centers in 400 nm, 1 gm, and 50 ym
micro-structures and bulk diamond. (b) Integrated photoluminescence intensity as a function of

pattern size. Integration was performed within the wavelength range from 573 nm to 700 nm.

efficiencies for 1000, 800, 600, and 400 nm, are 5.1, 7.5, 7.8, and 9.2 (Fig. Bl (c)), respectively.

This is qualitatively consistent with the experimental results shown in Fig. B4 (b).

5.4 Discussion

The improvement of the photon collection efficiency observed by the confocal microscopy and
photoluminescence experiments is lower than the value predicted by the FDTD simulation. This
would originate from the rough surface of the 400 nm micro-structure. As seen in the SEM images
(top panel in Fig. B3 (a)), the micro-structures have a number of protruding facets on the surface
due to secondary nucleation during the CVD process. The protrusions cause light scattering to
random directions, which degrades the photon collection efficiency. Thus, further enhancement
of the photon collection efficiency is expected by optimizing the CVD growth conditions. From
the viewpoint of photonics, one of the best structures for photon collection from a NV center is
the SIL structure.[[TR, TT9] The collection efficiency obtained by similar FDTD simulation for a
hemispherical SIL structure is 10.0. This is slightly larger than that of the umbrella-shaped structure

(9.2). However, the SIL structure cannot be formed by the bottom-up crystal growth but by the
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top-down etching. The etching may cause damages to the diamond crystal and deteriorate the NV
center characteristics. On the other hand, since our umbrella-shaped diamond micro-structure is
formed by the crystal growth avoiding the damages, we might be able to achieve an ideal structure

in terms of both photonics and crystal quality, with further optimizations.



Chapter 6

Selective alignment of high density NV

center ensemble

As mentioned in Sec. [Z72, we shall show the fabrication and characterization of CVD diamond
containing selectively aligned high density NV centers. The quantification of the alignment ratio
of ensemble NV centers is not straightforward because we cannot determine the alignment of
individual NV centers optically[RS, T21] or by ODMR.[83-K5] In this chapter, we estimate the
alignment ratio of ensemble NV centers along the [111] direction in (111) diamond by ensemble
ODMR measurements. The measurement is calibrated by NV centers in high-pressure high-

temperature (HPHT) diamond.

6.1 Materials and methods

For calibration experiments, we use randomly selected ensemble regions in sample HPHT1, a
type-Ib (111) diamond synthesized by HPHT method (Sumitomo Electric). In each confocal spot
are about 30 NV centers, estimated by comparing photoluminescence intensity with a single NV
center. The NV-incorporated diamond films (sample CVD2 and CVD3) are deposited on HPHT
Ib (111) diamond substrates by the microwave plasma CVD growth. The substrates are polished
with an off-direction of 2° along the [112] (CVD2) or [112] (sample CVD3) direction to promote
two dimensional homoepitaxial growth.[IT22] The CHy4 carbon source of 0.05 % and N, of 0.04

% are diluted in Hy gas. The purities of CHy, N, and H, gases are 99.999 %, 99.99995 % and
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99.99999 %, respectively. The total gas flow rate was 1000 sccm and the pressure was kept 75 Torr
during the growth. A microwave power of 900 W was input and the substrate temperature was
kept at 1030 °C (1140 °C) for sample CVD2 (CVD3). A growth duration of 10 hours results in a
film thickness of about 3 um determined by a depth profile of secondary ion mass spectrometry
(SIMS). The concentration of the nitrogen atoms in the film and substrate is estimated to be
~ 10" ecm~3 by SIMS. Confocal microscopy, CW and pulse ODMR measurements are performed

using a home-built measurement system presented in Appendix Bl.

6.2 Definition for alignment ratio quantification

Our problem is how to find the alignment ratio using ODMR. Since we expect the selective
alignment of NV centers along the [111] direction, a static magnetic field (By) of about 25 G is
applied perpendicular to the substrate (along the z axis in Fig. Bl (a)). As shown in Fig. B (d)
and (e), ODMR signals appear at resonant frequencies of f. = D + yBy ~ 2.87 + 0.07 GHz for
NV centers along the [111] axis, and frequency of f. = D = yBycos 6 ~ 2.87 +0.02 GHz for NV

centers along the other three axes.

Here we define the estimated alignment ratio along the [111] direction by

Ring = S/ (Sping + kSorher) (6.1)

where Sj1117 and Sos4e- is ODMR signal areas from NV centers along the [111] and the other three
axes, and k is the factor to correct signal differences attributed to causes other than the selective
alignment. Fitting of ODMR signals is done using Lorentzian functions (3 components for each
line) for Sp111) and Voigt functions for S,:ne. The center frequencies of the 3 Lorentzians are
separated by about 2.2 MHz, which is the energy level split by hyperfine interaction with N
nucleus[I”23]. Voigt functions are used to relax the effect of broadening due to misalignment of
the static magnetic field. If all NV centers in a confocal spot is under the same condition, k£ will be

1. However, we will find that k should be carefully determined.
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6.3 Calibration experiments using HPHT diamond

6.3.1 Effect of microwave field direction

First, the effect of the microwave direction should be noted. The ODMR signal strength (or Rabi
frequency) is dependent on the magnitude of microwave magnetic field which is perpendicular to
the NV axis.[652] Therefore, NV centers aligned along different axes may be driven by microwave
field with different strength. Two ODMR spectra measured at the same position (Fig. 1 (d) and
(e)) clarify this effect. Spectrum in Fig. B (d) is taken under microwave magnetic field (Bysw)
nearly perpendicular to the substrate (Fig. B (b)), which is radiated from 2-turn loop coil. (The
coil is intentionally mis-aligned from perfect perpendicularity.) On the other hand, the spectrum in
Fig. Bl (e) is taken under in-plane Bysw configuration (Fig. B (c)), where microwave is radiated
from a microwave wire placed just below the laser spot. Sj111; becomes much smaller than Sy /e
when the microwave is nearly perpendicular to the substrate because the projection of microwave
magnetic field to the xy plane is less. We should use ideally a microwave direction which drives
all NV centers with equal strength (e.g. [100] direction). However, due to technical difficulty, the

in-plane magnetic field (Fig. B (¢)) is used hereafter.

6.3.2 Microwave field difference in in-plane configuration

The unit vector parallel to an in-plane Bpsw can be written as b = (cos ¢, sin ¢, 0). The projection
of Bysw to the plane perpendicular to an NV axis is given by B = Byw |5 X jNvl, where jNV
is the unit vector along an NV axis. For NV centers along [111] direction (3[111] =(0,0,1)), By is
independent of ¢ and equal to Bysw. B for the other three direction is dependent on ¢, however,
the average value of the three (B} thery has weak ¢ dependence. BY! her s periodic function of ¢
with period of 7/3 and takes maximum (minimum) value of 0.72Bpw (0.70Bpw) at ¢ = /6
(¢ =0).

The difference of B field is confirmed by measuring Rabi oscillations. Figure (a)
shows the optically detected Rabi oscillations for NV centers along the [111] and the other three
directions. The fitting by sinusoidal curves with exponential decay shows a frequency ratio of
16 MHz/22 MHz = 0.73, in good agreement with the expected value of Bf ther /By w. We note

that the ODMR spectra are taken under the laser and microwave power condition so that the signal
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Figure 6.1: (a) Definition of the coordinate system and schematic model representing four possible
NV center axes in single crystal diamond. The surface of (111) substrate corresponds to xy-plane.
(b) Schematic description of direction of static (By) and nearly perpendicular microwave (Bpsw)
magnetic field radiated by loop coil. (c) Schematic of in-plane By,;w radiated by a microwave line.
(d) ODMR spectrum of ensemble NV centers in HPHT diamond (sample HPHT1) under nearly
perpendicular By configuration. (e) ODMR spectrum under in-plane Bpsw configuration. Both

ODMR spectra are taken with a laser power of 0.5 mW.
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Figure 6.2: (a) Optically detected Rabi oscillations of sample HPHT1. Upper curve is |mg = 0) <
|—1) transition of NV centers along [111]. Lower curve is the same transition of NV centers along
other 3 directions. (b) Dependence of ODMR signal area on square root of microwave power

passed through the microwave line. Square (circle) symbols are data of sample HPHT1 (CVD2).

area scales linearly with B;. As shown in Fig. B (b), we see linear dependence of the signal area
on the square root of the microwave power (Ppsw ). Since v Pysw is proportional to By and Rabi
frequency, k = Byw/ BIO”’” = 1.4 can be assigned in Eq. (BT) to include the difference of Bj.

Here weak ¢ dependence of B’ her does not appear at the first decimal place of k.

When k = 1.4is used, the alignment ratio in sample HPHT1 is estimated to be Rj111] = 44+1%.
This value is average over 7 values extracted from ODMR spectra taken at the independent
ensembles in sample HPHT1 (including the spectrum in Fig. B (e)). The obtained alignment
ratio is seemingly too high if we expect the random distribution (25%) of the alignment in the
untreated HPHT substrate. One possible reason of this discrepancy could be the difference in
optical excitation. Since the electric dipole lies in the plane perpendicular to the axis,[174] NV
centers along [111] can interact more efficiently with electric field of the laser light propagating
toward perpendicular direction to the substrate. Indeed several groups have reported stronger
photoluminescence from single NV centers along the [111] axis than the other three.[KS, T21]
However, since it is difficult to selectively excite the ensemble NV centers in one confocal spot,

quantitative estimation of this effect is out of scope of this work.

We resort to the use of an empirical parameter for k instead. A good empirical parameter,
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Figure 6.3: ODMR spectrum of electron-beam irradiated HPHT diamond. The fitting of signals

from NV centers other than [111] is conducted using two Voigt functions per each line.

specific to our experimental setup, turns out to be £ = 3.3 which leads to the alignment ratio
of 25 + 1% for sample HPHT1. We use k£ = 1.4 based on B, difference to estimate the upper
bound of alignment ratio, and empirical £k = 3.3 for the lower bound. Note here we also find
the same value for the alignment ratio (within standard deviation shown above) in another HPHT
sample containing much denser NV centers (> 10'7 cm™3) after treatments. The type-Ib HPHT
diamond is irradiated to the electron-beam (dose 10'2 cm™2) and annealed at 1000 °C for 60 min.
The spectrum of this sample is shown in Fig. B3. Analysis of peak area yields alignment ratios

between R[]]]] = 24.6% (k = 3.3) and R[]]]] =43.4% (k = 1.4).

6.4 Selective alignment in CVD-grown diamond

CVD-grown films contain NV centers with higher density than the substrate, as shown in a cross-
sectional confocal microscopy image (Fig. B4 (a)). The photoluminescence spectrum (Fig. B4
(b)) indicates that most of the NV centers are in the negatively-charged state under 532 nm laser
excitation. On average, the intensity is about 170 times larger than that of a single NV center. The
NV center density over 1 x 103 cm™ is obtained by dividing this value by volume of point spread

function of the microscope. For detailed description of point spread function, see Appendix B2.
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*

Table 6.1: Density and alignment ratio of NV centers in each sample.

Density Riing R

Name

(105 em™) (Yo, k =3.3) (o, k = 1.4)
HPHTI 0.32f 25+ 1 44 + 1
CVD2  1.6+0.8 84 +4 93 +2
CVD3  1.4+0.3 76 +2 88 + 1

More detailed values for each samples are in Table Bl

Figure B4 (c) shows a typical ODMR spectrum of sample CVD2. Signals from NV centers
along three axes (Sorner) is significantly smaller than that of sample HPHT1 (Fig. B (e)). The
alignment ratio estimated using this spectrum is in a range from 81% (k = 3.3) to 91% (k = 1.4).
Summarized in Table Bl are values averaged over multiple spectra for each sample. Although the
selective alignment is not perfect in the CVD samples, we can expect at least 3 fold improvement
of the alignment (75%) on randomly distributed NV centers. The effect of the selective alignment
is still larger than (110) and (100) diamonds (2 fold improvement). The reason why we end up with
the imperfect selective alignment could be imperfection of the growth mode. As recently shown
by theoretical calculations, the two dimensional step-flow growth is important for the selective
alignment.[I75] The perfect two dimensional growth results in atomically flat surface of the grown
film.[T22] However, our CVD-grown films have relatively rough surfaces with root mean square
roughness of 8.5 nm (sample CVD2) or 23 nm (sample CVD3). Some nucleations on terraces
could occur due to the catalytic effect of nitrogen.[I26, I277] Further optimization of the growth

condition is required for the perfect alignment by the nitrogen doped CVD growth.

*Variations are in standard deviation.
" Averaged value over only ensemble regions used for ODMR measurements.



80 CHAPTER 6. SELECTIVE ALIGNMENT OF NV ENSEMBLE

(a) (b) :
10 Raman
29
s —
= 8 S
o 7 ¥e) NV~
Ee g0
o 4 ‘9
c
g3 =1 e
g 2 /
1 | . . . .
600 650 700 750 800
Wavelength (nm)
(C) T T T T
Saaio 4 \\'j /p«’r“"‘w"“i‘*‘-\\bﬂ ]
= i -
g 3x magnified
e,
< vy AR g
Vo
£ V u

280 285 290 _ 295
Microwave frequency (GHz)

Figure 6.4: Properties of the CVD-grown film (sample CVD2). (a) Cross-sectional confocal
microscopy image under a laser power of 0.35 mW. Upper (lower) dashed line indicates boundary
between the film and air (substrate). Scale bar is 2 um. (b) photoluminescence spectrum under
532 nm excitation. Arrows indicate zero phonon lines of neutral (NV®) and negatively charged

(NV7) NV centers. (c) ODMR spectrum under in-plane Bysw and a laser power of 0.5 mW.



Chapter 7

AC field magnetometry using NV center

ensemble

In this chapter, we present the realization of our ensemble NV centers as AC magnetometer using

pulse ODMR measurements.

7.1 Materials and methods

We compare AC magnetometer performance using four different types of NV centers in (111)-
oriented diamond crystal. Two of the four are NV center ensembles in our CVD-grown films. A
sample denoted by “CVD2” has already presented in Chapter B. As summarized in Table B, this
sample has NV density over 1 x 10'> cm™ and alignment ratio over 80 %. Another CVD-grown
sample named “CVD1” is grown under conditions similar to CVD2, but different microwave power
(550 W) and substrate temperature (800 °C) in order to control growth mode. NV center ensemble
in this sample showed higher NV density over 1 x 10'® cm™3 and alignment ratio over 99 %.
Alignment ratio over 99 % means we could not find any ODMR signal from NV centers along axes
other than [111] (So¢ner), for over 10 identical ODMR experiments, signal-to-noise of which is
much greater than 10. Further details on characterizations of this sample and discussion on growth
mechanism will be presented elsewhere.[128]

The other two types of NV center are the NV center ensemble fabricated by ion implantation,

and a grow-in single NV center. Both of the two are in a undoped CVD-grown film on (111)-
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oriented type-Ib diamond crystal. Growth was performed using a reactor different from the one
used for doped CVD films (CVD1 and CVD2). H,, CH4 and O, gases were introduced at rates
of 998, 2 and 0.5 sccm, respectively. The total gas pressure was kept 150 Torr during the growth.
A microwave power of 3.5 kW was input and the substrate temperature was kept at 704 °C for
a growth duration of 5 hours. SIMS measurement revealed impurity atom concentrations less
than 1 x 10'® cm™ for nitrogen and 1 x 10!> cm™ for boron. The grow-in single NV center
(named “Single” in this Chapter) is a isolated NV center along [111] axis, which should be formed
by incorporation of residual nitrogen during the growth. To form NV center ensemble (named
“Implant”), ion implantation and annealing was performed, only for a part of the substrate. “N*
jons are implanted with 350 keV acceleration energy and a density of 1 x 10'> cm™2. A Monte
Carlo simulation® result in the depth-distribution of implanted nitrogens in a range about 100 nm
centered at about 340 nm from the surface. Substrate temperature was kept at 600 °C during
implantation process. After the implantation, substrate was annealed at 750 °C for 30 min in
vacuum. Vacancies in the crystal diffuse and convert substitutional nitrogen into NV center during

annealing process. The other part of the substrate, which “Single” is in, was kept intact by a mask

during implantation process.

Basic physical concepts of the pulse ODMR procedure have been introduced in Sec. [A.
Experiments are performed using the measurement system presented in Appendix B. For high
density NV center ensembles (“CVD1”, “CVD2” and “Implant”), NV centers in one confocal spot

(volume ~ 0.1 um3) is involved in each measurement.

7.2 Characterization of basic parameters

For pulse ODMR magnetometry, it is necessary to characterize the basic parameters of NV centers
in detail. The basic parameters are spin-state detection contrast and the spin coherence time. The
detection contrast is how much difference of photoluminescence intensity is appeared by the change
of spin state populations. As discussed in Sec. [LA3, this is a linear scaling factor of magnetometer

sensitivity. On the other hand, sensitivity scales as square root of spin coherence time 75.

*Simulation is performed using SRIM software. http://www.srim.org/
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7.2.1 Rabi oscillation and contrast

Rabi oscillation measurement is the first step of pulse ODMR measurements. In this experiment,
we apply microwave pulses with different durations in between initialize and readout laser pulses.
The spin state is polarized to |m; = 0) immediately after laser pulse. Since a resonant microwave
pulse flips the spin state at certain frequency (Rabi frequency), oscillation can be observed when
we plot the photoluminescence intensity of NV centers versus microwave pulse durations.

The result of Rabi oscillation measurement is shown in Fig. [Z1I.

All of the three NV center(s) show clear oscillations at the frequency about 11 MHz (angular

frequency of 70 MHz). The oscillation is fitted to a decaying sinusoidal function.

C
I= ECOS (QrT)exp (—%) (7.1)

Fitting parameter here is the contrast C, Rabi (angular) frequency Qg and time constant of the
decay Tg.

We can find obvious difference in the contrast. Single NV centers show the best contrast
C = 30%. This value is the typical value in literature, determined by intrinsic property of NV center.
The use of ensemble NV centers generally degrades the contrast. Implanted ensemble NV centers
has contrast of C = 8%, which is about a quarter of 30%. This degradation is reasonable because
we expect random alignment of implanted ensemble. Since we are performing the ODMR on only a
quarter of NV centers in the ensemble, the contrast becomes a quarter as well. The reminder (three
quarters) of NV centers only contribute to unwanted back ground photoluminescence. In contrast,
the CVD-grown ensemble shows much higher contrast of C = 19%. The reason is the selective
alignment in CVD-grown ensemble. For sample CVDI, alignment ratio along [111] determined
by CW-ODMR measurement is almost perfect (100 %). Alignment ratio and contrast of sample
CVD2 are over 84 % and C = 21% respectively. The ratio of the contrast of CVD samples to that
of single NV center are about 60-70 % and smaller than alignment ratio. One possible the reason
of this discrepancy is the background light from NV centers. As in the luminescence spectrum
(Figure B4 (b)), CVD samples contain NV° center as well. Although ODMR experiments are
performed with 633 nm LPF to reduce the luminescence from neutral centers, there will be some
contribution to total luminescence background. The other possibility is inhomogeneity of static

or microwave magnetic field. Inhomogeneity will result in detuning of Rabi oscillation or slight
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Figure 7.1: Optically detected Rabi oscillation of ensemble NV centers in (a) CVD grown films

and (b) Implanted layer. (c) Rabi oscillation of a grow-in single NV center.
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change of Rabi frequency for some part of NV centers. If oscillation we observe is the averaged
one over individual oscillation with small frequency fluctuations, its amplitude will be smaller than
each component oscillation. If this assumption is true, a better contrast for ensemble NV center
is achievable in the future by a better instrumentation for magnetic field generation. Tg has some
correlation with coherence time, however, more accurate determination should be done by spin

echo measurement.

7.2.2 Spin echo and coherence time

Free induction decay (FID) measurement is the simplest method to characterize the coherence
property. FID measurement is performed following the standard protocol introduced in Sec. [CG&TI.
First, the spin state is initialized by a laser pulse and the 7r/2 pulse of resonant microwave, to realize
superposition state. And then the spin system is freely evolved during certain time (free evolution
time 7). Finally, the coherence is converted into population difference by another microwave /2
pulse, and read out optically under subsequent laser pulse.

Fig. shows the result of FID experiment. The signal decays exponentially as Eq. 2.

potyl )" (1.2)
=—+-exp|—[= .

2 2P|\
Here T2* the coherence time. It is well-known that this TZ* is shorter than intrinsic coherence time
T, because of static field inhomogeneity or other low frequency noises.

We can extract nearly intrinsic value of coherence time 7», by spin echo measurement. Spin

echo measurement is different only by additional 7 pulse during free evolution. The signal decays

1 1 27\"
P = 5 + 5 exp [— (72) :| (73)

also exponentially, as Eq. [[3.

We can see over one-order difference in coherence time comparing Fig. and Fig. (a).
The difference between the samples should be noted here. CVD-grown samples have high nitrogen
concentration of 10! cm™3. Electron spin bath of the substitutional nitrogen (P1 center) should
limit the coherence.

Implanted ensemble and single NV center is in substrate with lower nitrogen concentration. In

very pure sample, the coherence is limited by nuclear spin bath of '*C, and has value of about 600
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Figure 7.2: Optically detected FID of ensemble NV centers in CVD grown film (CVD2)

us. What limits the value within about 11 us is currently unknown, but should be impurity other

than nitrogen, substrate strain or effect of surface.

7.2.3 Performance estimation

Asnoted in Sec. [T, we have to increase parameters including photon count rate (R o n), contrast
(C), and coherence time (73), to improve magnetometer sensitivity. All required parameters are
determined by pulse ODMR measurements in this section. Here we define the estimated achievable
sensitivity which should be proportional to the minimum detectable field (in fixed acquisition time)
as Nes: = 1/CVRT,. The parameter values and 7.5, are summarized in Table [1. Since actually
available sensitivity is dependent on the whole sensor system (measurement scheme or noise
sources), 1.s; is normalized with respect to the value of single NV center. Although 75 of
CVD samples are lower than that of implantation and single NV center, better sensitivities (17¢5;)
are expected because of high contrast and photon count rate. Next section, we will see actual

performance of these samples as magnetometer.
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Figure 7.3: Optically detected spin echo decay of ensemble NV centers in (a) sample CVDI1, (b)

CVD2 and (c) Implanted layer. (d) Spin echo decay of a grow-in single NV center.
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7.3 AC magnetometry using dynamical decoupling sequences

Magnetometry based on pulse ODMR can be performed using various microwave pulse sequences
introduced in C®E. Although we have to use FID to pick up the effect of DC field, a better
sensitivity can be expected using spin echo for the measurement of AC field. We shall present AC
field sensing using dynamical decoupling sequences, which is multi-pulse extension of spin echo,
to show the best possible performance. AC field to be measured is generated by a coil fixed near

the sample.

7.3.1 Car-Purcell-Meiboom-Gill sequence

Car-Purcell-Meiboom-Gill (CPMG) sequence consists of multiple 7 pulses as illustrated in Fig.
[4 (a). We hereby denote the two quadrature microwave phases using x or y. Microwave with x
(y) phase rotates the Bloch vector around X (y) axis in our rotating frame. The main parameters
of CPMG measurement are inter- pulse evolution time (7) and number of & pulses (N). The
most effective AC field detection, 7 + ¢, should coincide with half period of AC field, where 7, is
duration of the 7 pulse. We start by the output characteristics in such exact synchronization with
AC field (1 +t; = 1/2f) and see the dependence on number of pulses N. AC field frequency of
f = 1.5625 MHz and n pulse width of ¢, = 44 ns will be used unless otherwise noted.

When AC field is written as Boc(t) = bac sin 2n ft + ¢ac), spin states will accumulate
phase difference A® = (Nybac/nf)cos(¢dac), after a sequence.[129] Since initial 7 pulse has
phase x, A® can be depicted as the angle between Bloch vector and y axis (Fig. [4 (b)). Maximum
detection efficiency is reached if the phase of AC field is locked to the microwave pulse trains as
shown in Fig. [4 (a). This phase-locking means that ¢ 4 ¢ is always zero and A® remain unchanged
over many measurement shots. We can use the last 7/2 pulse, which maps the accumulated phase
into population difference, with phase either x or y. The results using x readout (Fig. [4 (c)) is

presented in Fig. [[3. In this case, the signal can be fitted to following equation.

P:1+Acos Ny—bAC exp _N 74
2 nf v

Here v is a decay parameter, which should have correlation with coherence properties (7> and n
in Eq. [[3). However, we treat this v as a simple fitting parameter instead of going on physical

details.
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Figure 7.4: Schematic of CPMG sequence and readout methods. (a) Microwave pulse timings
and phases. (b) Accumulated phase just before the last 7/2-pulse. (c) Final state using x readout

(d) Final state using y readout.
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Figure 7.5: Evolution of CPMG signals (x readout) with number of pulses under external AC
magnetic field of ensemble NV centers in (a) sample CVDI, (b) CVD2 and (c) Implanted layer.
(d) CPMG signals of a grow-in single NV center.

When we use y readout (Fig. [Z4 (d)), output becomes a sine function.

P= % + Asin (N);T—I;AC) exp (—%) (7.5)
The outputs for this case is shown in Fig. [Z8. This y readout is meritorious for the detection of
small magnetic field, because slope near zero of sine function is steeper than that of cosine.

The AC signals with random phase (¢ c¢), i.e., not synchronized with the microwave pulse
trains, can also be detected. Accumulated phase A® becomes random among measurement shots
as depicted in Fig. "1 (a). Assuming ¢4¢ is completely random, the average Bloch vector over
many measurement shots will lie on y-axis. The information of AC field amplitude is however
ascribed to the “shortening” of average Bloch vector. In this case, we can only use x readout (Fig.

[L2 (b)) rather than y readout (Fig. [Z2 (c)), because y readout cannot map any information onto
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Figure 7.7: Schematic of readout methods for asynchronous AC field. (a) Randomly accumulated

phase just before the last 7/2-pulse. (b) Final state using x readout (c) Final state using y readout.

population difference. Formally, the expected signal can be written as

P = l+A<C s( Ccos¢Ac)> exp(—ﬂ) (7.6)
2 dac v
_ ! Nybac _N
- eanf)en(2)

where ()¢, and Jyp means average over ¢sc and zeroth-order Bessel function of first kind.
The result is shown in Fig. [[. We can see that the experimental results is well fitted to the
equation above. The detection of AC field with random phase is important for applications like

nano-NMR[B-5], though detection efficiency is not as good as phase locked case.
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for ensemble NV centers in CVD2. AC magnetic field is not synchronized with m-pulse trains

(random phase).

7.3.2 XY8 sequence

Recent research works show that XY8 pulse sequence can result in better AC field detection
performance than CPMG because this sequence can compensate pulse error more effectively.
Because we can only choose integer multiple of 8 for number of pulses for XY8 measurement, we
can not get smooth curve like Fig. [[3 by sweeping number of pulses. Phase locked AC field and

y readout are used in what follows unless otherwise noted.

We will show T dependence, instead of N dependence in Figure [L9. In this figure, 7 is converted
into the frequency f = 1/2(t + t,). Two different frequencies are applied and detected as the
change of NV center’s spin state (intensity). This kind of frequency selectivity is important for
spectroscopic applications like NMR. The same output could be obtained using CPMG sequence,
however, we have found that X'Y8 sequence have better signal-to-noise ratio. The capability to pick

up signals in narrow frequency band is one of the advantages of dynamical decoupling sequences
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Figure 7.9: Frequency domain output of XY 8 magnetometer using sample CVD?2 for two different

AC frequencies. Number of pulses N = 24.

over simple spin echo. The response to arbitrary magnetic field (B(¢)) can be written as[B, [30]

I = Afde(f)WN (f, 1) 21 (7.8)
Wy (f.r) = 250D o oanfo). (7.9
2t f

where B(f) is Fourier transform of B(¢) and Wy (f, 7) is the filter function. Assuming B(t) is
a monochromatic sinusoid with frequency fy, its Fourier transform is a delta function B(f) =
Bé (f — fo) and we can observe the filter function itself. Figure [TU shows the frequency domain
response of XY8 magnetometry for fo = 1.5625 MHz and different N. In addition to experimental
data, filter function described above (Wy (fo, 7)) is also shown. We can see good agreements
of experimental data with the theory. Obviously, the detection band width can be narrowed by
increasing N, however, the practically possible N is limited by the spin coherence. We can actually
see smaller signal by using N = 56 than N = 24 for sample CVD1. Thus, N = 24 is more
optimized in terms of signal strength for this sample. On the other hand, N = 72 shows larger
signal than that of N = 24 for sample Single, which exhibits better coherence property (greater 7,

or v).
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Figure 7.11: Magnetometer output (change of intensity) as a function of AC signal amplitude.

Circles (squares) are data for NV centers in sample CVD1 (Implant). N = 24 for both.

For the estimation of the maximum possible sensitivity, we have acquired output characteristics
as a function of the amplitude of AC signal (bsc). Here, 7 is again takentobe 7 + ¢, = 1/2f. As
shown in Fig. [T, the characteristics follows equation 3. The slope of this characteristics in
near zero, dI/db ac, has direct impact on the sensitivity. The values are summarized in Table [ZI.
Comparing ensemble NV centers, CVD samples mark higher slope than the implantation sample.
This result comes from the larger full-scale contrast overcoming the shorter 7;. The single NV
center shows the best slope because of its long 7> and possibly, immunity to homogeneous static
or microwave field. As described above, we could get a better slope using larger number of pulses

(N = 72) for this single NV center.

The magnetometer sensitivity is determined not only by the slope, but also by the noise level.

In literatures, the sensitivity has been evaluated in terms of the minimum detectable field in unit
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Table 7.1: Photon count rate (R), contrast (C), coherence time (73), estimated sensitivity (17.s¢),
sensitivity (nxys) and slope (dI/dbac) of NV centers in each sample. Sensitivity and slope is the
values estimated from AC magnetometry operation using XY8 sequence. Pulse number N is 72

for Single, and 24 for the other.

R c I Nest nxys dl/dbac
Sample
Mcps) (%) (us) (arb.u.) (nT/VHz) (%/uT)
CVD1 33 19 2.3 0.12 34 3.12
CVD2 4.2 21 1.6 0.37 110 2.66
Implant. 0.63 8 10.1 0.99 360 2.16
Single 004 30 11.3 1.00 300 20.5

acquisition time (7") as[82, I31]]
1 = 6Bin(T)NT = o (T)NT/ (dl /dbac), (7.10)

where o;(T) is the fluctuation of intensity in standard deviation. If the source of noise is shot
noise, o7 (T) should be proportional to 1/ VT, leading to 1 independent on T. The 0B,,;, (T) is
shown in Fig. [T2. We can fit the data as 6 B;;,;, (T) = n/\/f and extract 7.

7.4 Discussion

Parameters and performances as AC magnetometer of each NV centers are summarized in Table
1. The CVD-grown NV ensemble (CVD1) marked the best performance due to its high photon

emission rate (R) and contrast (C), though 75 is smaller than the other samples.

7.4.1 Toward better sensitivity

Our best sample (CVD1) marked the AC magnetometer sensitivity about 30 nT/vHz. One typical
sensitivity of 30 n'T/VHz is also demonstrated using single NV center with high 7> of 600 ys.[132]
T, of our CVD sample was about 2 us and should be limited by electron spin of nitrogen. Nitrogen
density in the film is 10! cm™ and much higher than NV density of 10'® cm™3. Toward better

sensitivity we have to maximize NV/N ratio, and thereby maximize N7, (N is NV density). For
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using XY8 sequence.
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example, NV/N ratio of ~ 10 % (N density of 107 cm™ and NV density of 10'® cm™3) could be
realized by optimizing growth condition in the future, leading to sensitivity of about 3 nT/vHz.
Further sensitivity is possible by sacrificing spatial resolution. Recent research reveals that
0.9 pT/VHz is possible by using N ~ 10'' NV centers in volume of 8.5 x 10~ mm?>.[133] NV
density employed is about 10'7 cm™ (0.9 ppm), while N density is kept in the same order (3 ppm).
Since this research uses NV centers created by electron-beam irradiation, selective alignment is
not employed. When CVD-grown ensemble with similar condition is achieved, we can further

boost the sensitivity.

7.4.2 Toward NMR applications

NMR and MRI is very important and promising application of NV magnetometry. As introduced
in Sec. [, nano or microscopic-scale NMR is the unique application. Latest researches show
that the magnetic field fluctuation from nuclear spin samples on (spin noise) diamond surface at
distance of about 5 nm is order of 1 uT. The detection of this spin noise using our CVD sample
seems to be possible. However, we have to develop 6-doping technique to limit the NV ensemble’s
distribution within near surface.

Application to conventional NMR would be possible as well. Conventional NMR uses the coil
to pick up magnetic field signal of macroscopic magnetization of nuclear spin. The sensitivity is
limited by thermal noise on coil and wirings. If we can apply NV center ensemble of large numbers
as in Fig. 13 to pick up the signal to get better signal to noise, it can contribute to miniaturization

of NMR system.
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Chapter 8

Conclusion and outlook

8.1 Conclusion

In this thesis, we have presented the spin state control of electrons in carbon materials toward
quantum sensor applications. Crystalline carbon materials, graphene and diamond, are employed
as the platforms of spin state control because of small spin-orbit interaction and lack of nuclear
spin in the most abundant isotope ('>C). The key for the spin state control is the introduction of
paramagnetic impurities. The fluorine impurity controlled the charge and spin current in graphene.
The NV center in diamond serves as the localized electron spin state for sensing.

In chapter D, we have developed fluorination method of graphene using Ar/F, plasma. It has
been shown that the fluorine concentration was controllable and reversible by characterizations
using Raman spectroscopy and XPS.

We have fabricated fluorinated graphene FET devices with different fluorine concentrations
and characterized charge transport properties in chapter B. Resistivities of fluorinated graphene
FETs were dependent on fluorine concentrations, and controllable over 3 orders of magnitude at
room temperature. Conduction mechanism is also dependent on fluorine concentrations. Metallic
conduction like pristine graphene is maintained for low fluorine concentration, while temperature
dependence follows variable range hopping mechanism at high fluorine concentration. We have
found characteristic electron-hole asymmetry at high fluorine concentration, which could be as-
cribed to the existence of midgap impurity states. On/off ratio of the device at room temperature is

not very different from that of pristine graphene FET. However, the on/off ratio could be enhanced

101
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by using ionic liquid gate.

In chapter B, we have explored possibilities of spin state control using fluorine impurities.
We have used fluorinated graphene FET with lower fluorine concentration, which retains metallic
conduction mechanism. Magnetotransport measurements suggest that spin relaxation time could
be controllable by one order of magnitude by gate voltages. We have also tried to observe spin
Hall effect using non-local resistance measurement of Hall bar device. We found the possibility
of the existence of spin Hall effect in fluorinated graphene. However, further evidence should be

provided in the future.

Toward quantum sensor application of high density NV center ensemble, we have developed
CVD-based fabrication techniques and demonstrated magnetometer action in the latter part of this

thesis.

In chapter B, we have shown self-formed micro-structure for photon collection efficiency
improvement. We have proposed a new umbrella shaped micro-structure which has the effect
similar to solid immersion lens. The simulation suggested about one-order improvement of
photon collection efficiency. We have fabricated the structure using anisotropic CVD-growth and
characterized it. The confocal microscopy and photoluminescence spectroscopy measurements
revealed about from 3 to 5 times larger luminescence intensity from micro-structure than bulk
diamond. These enhancement factor is not as large as the one simulation suggested. Further

enhancement should be possible by removing rough surface of the micro-structure.

Chapter Bis devoted to the selective alignment of high density NV ensemble. We have proposed
a quantification method of the alignment ratio based on ensemble ODMR measurement. After
calibration measurements using HPHT samples, we have characterized our CVD samples. One of

the CVD samples has selective alignment ratio over 80 % and density over 1 x 103 cm™3.

We have demonstrated the quantum sensor (AC magnetometer) action of our CVD sample in
chapter [1. We have also showed results using ensemble NV center fabricated by ion-implantation
and a grow-in single NV center for comparison. Important parameters for the sensor performance,
contrast, coherence time and luminescence intensity are characterized first. The estimated sensitiv-
ity calculated by these parameters suggested that CVD sample can exhibit about one-order better
performance than implantation ensemble or single NV. We have characterized sensitivities of AC

magnetic field (at frequency of 1.5625 MHz) using dynamical decoupling sequences (CPMG and
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XY8). The results were consistent with the estimated sensitivity and CVD sample showed the best

performance: sensitivity of 34 nT/VHz with XY8 sequence.

8.2 The spin current detector using graphene and diamond

We shall propose the experiments and sensor device application combining the two materials,
graphene and diamond, as the outlook of the research. Since graphene can be formed directly on

top of atomically flat (111) surface of diamond, compatibility of the two is extremely good.[9]

8.2.1 Sensing spin Hall effect in graphene using NV center

One major problem we have encountered in Ch. B is poor reliability of spin Hall effect detection
by electrical measurement. The experiment using Hall bar, which we have used in Sec. B2, can
suffer from inhomogeneity of resistivity in the sample. One of possible solutions is the use of spin
injection and detection via inverse spin Hall effect and the observation of Hanle effect. However,
Hanle effect experiments have another difficulty to distinguish the effect from magnetoresistivity.
Complex device structure and magnetic contamination may also become problems.

The most reliable way to date, which is also employed for one of the earliest demonstration
of the spin Hall effect, is spatial resolution and visualization of the accumulated spin using Kerr
effect microscopy.[I34] However, the Kerr effect microscopy cannot be applied for zero-band gap
material like graphene. So we propose, as an alternative of that, spatially resolved sensing of spin
Hall effect using NV center as shown in Fig. Bl. The graphene layer is formed by sublimation
of thin NV containing layer in (111) diamond. This fabrication method enable the NV center
(sensors) in extreme proximity of graphene layer. The local magnetic field created by accumulated
spins in the graphene sample’s edge might be detected by NV center, although the discrimination

between accumulated spin’s field and the field created by charge current is not so easy task.

8.2.2 The spin current sensor

The combination of graphene and NV center would provide more versatile sensor device which
can contribute to spin physics and spintronics applications. Provided that graphene is the best

charge / spin current channel on top of diamond, the spin current sensor device as shown in Fig.



104 CHAPTER 8. CONCLUSION AND OUTLOOK

Electrode
Fluorinated

. A - 7" J "_C of 0 5
& = ' - =3 :: g
graphene “~C_/:%.%, f f f‘

NV layer

/ v
Diamond - gptical excitation
& detection

Figure 8.1: Schematic of proposed experiment for spatially resolved detection of spin Hall effect

in graphene using NV center.

B™ is possible. The spin current source of interested forms some junction with graphene and flow
a spin current into graphene. And the magnetic moment of spin current is detected by proximal
NV centers. In this configuration, graphene itself is not the material under investigation but just a
conducting channel. We may use this for investigation for any possible spin current source which
can form good contact with graphene. This spin current sensor might open up a new methodology

in spin current physics and spintronics applications.

8.3 The integration of total sensor system

The total sensor system should be integrated and miniaturized for industrial applications. Our
NV experiments were performed by using home-built system presented in Appendix B7ll. The
system consists of the microscope on optical table (> 1 m) and a lot of bench-top measurement
instruments controlled by PC. The total system including the laser, detector and microwave system
and micro-controller would be integrated on diamond chip as in Fig. B3. Graphene could serve
as, for example, optically transparent electrodes for microwave irradiation on diamond surface.
Toward this kind of integration, we have started miniaturization of the measurement system as in
Fig. B4. There are many works to do with electronics and photonics technologies toward the

integration of the quantum sensor system.
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Figure 8.3: Schematic of the concept of integrated on-chip device.
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Appendix A

Calculation details

Here we describe calculation details skipped in the main text of this thesis.

A.1 Rabi nutation

We shall calculate the evolution of N'V spin states (qubit) under a static and oscillating (microwave)
magnetic fields B = (B cos (wywt + dpw), —Bisin (wWywt + darw ), Bo) to derive Eq. 9.

On basis of {]|0), |[-1)}, the spin Hamiltonian (Eq. [2) can be represented as

0 EESL (B, - iB,
Hgs = | . wal ) (A.1)
k581 By +iBy)  Dgs — upg|B:
0 wlei(wMWt+¢MW)
= I . (A.2)
wle_l(wMWt+¢MW) wo

Arbitrary quantum state at time ¢ can be written as [ (¢)) = aop(?) |0) + a_1(¢) |-1).

Solution of Schrodinger equation using the Hamiltonian and state ket above is complicated
because both of the two depends on time. To simplify the problem, we shall move onto the rotating
frame, which is rotating around z-axis at angular frequency —wpswt. Such transformation is

performed by unitary operator

e~iwmwi () 0
Ug = exp (miwpywtS;) = 0 1 0 (A.3)
0 0 elwmw!?
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Here basis of matrix representation is taken as {|1), |0}, |—1)}. In this coordinate, the Hamiltonian

matrix loses time dependence as follows

0 wye'PMw

HE = UrH, U}, =1 _ (A4)
we Pmw wo
The state row vector becomes
(agf (@), % () = U (ao(), a_1 (1)) = (ao(®), a-1 ()" M™') . (A.5)
Schrodinger equation in laboratory frame
i%ag(t) = wa_ () wmnwitbmw) (A.6)
i%a_l(t) = wiap(t)e " @CMWITOMW) L y0q (1) (A7)
can be re-written in rotating frame as
i%a{f 0 = wevak (1) (A.8)
i%aﬁ (1) = wie MV ag(n) + (o — wpw)ak| (1) (A9)

In the case resonance is perfect (wasw = wp) and initial conditions a(lf (t) =1, afl (r) =0, the

solution becomes
aR (1) = cos (wit), ak (1) = —ie7 MW sin (wi1) = e EMW+E) sin (w)1), (A.10)

which can be represented as Eq. [L9.



Appendix B

Instrumentation and methods for NV

center experiments

Confocal microscopy and ODMR experiments in Chapters B, B, and [1 are performed using home-
built measurement system. Here we will describe overview of the system and experimental

methods.

B.1 Measurement system

From evaluation of photoluminescence intensity to AC magnetometer operation, we performed
most of the experiments for NV center research using a home-built confocal microscope equipped
with ODMR capabilities. We would say that this is not only a measurement system for the material
but also a part of the sensor system.

Figure BTl and shows the diagram and picture of the optical system of confocal microscope.
A laser light (532 nm) is first passed through a neutral density (ND) filter, an acousto-optic
modulator (AOM), a spatial filter and a beam expander. The ND filter is used for tuning laser
power and AOM is for the pulse modulation of laser light. Spatial mode and diameter of the light
is made proper by spatial filter and beam expander. After that, a part of (~ 25%) laser light is
reflected by beam sampler and focused on to the diamond sample by a objective lens. We have
mainly used a oil immersion lens (Olympus PLAPON60XO: 60x, NA 1.42) in Chapters B and [,
and a normal (no immersion) lens (Olympus MPLAPONS0X: 50x, NA 0.95) in Chapter B. The
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Figure B.1: The optical system of confocal microscope.

photoluminescence from the sample is collected by same objective lens and passed through beam
sample, pinhole and beam splitter. The pinhole constructs the confocal system. The beam splitter
pass the luminescence randomly into either of two avalanche photo diodes (APDO or APD1) with
equal probabilities. APDs are actually single photon counting modules (Excelitas SPCM-AQRH-
14) which operates APD in Geiger-mode and output pulse signals per detected photons. The
sample is travelled by a 3-axis piezo stage (PI P-545) to obtain planar and cross-sectional confocal
micrographs. There are two alternative detectors: a camera and a spectrometer. The camera is
used to observe bright field image. The spectrometer enables acquisition of photoluminescence
spectrum at each confocal point.

The microwave field is irradiated to the diamond sample for ODMR experiments. The mi-
crowave signal is generated by a signal generator (Keysight N5182B) and passed through a diode
switch (Minicircuits ZYSWA-2-50DR-S) for the pulse modulation and an amplifier (Minicircuits
ZHL-16W-43+). We used two methods to irradiate the amplified microwave. The first one is a

coil-like antenna at relatively remote position (few millimeter away from the sample) used for CW
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Figure B.2: Picture of confocal microscope.

ODMR experiments in Chapter B. This approach enables a control of microwave field direction
applied to the sample. The second one is a microwave wire (Cu wire with a diameter of 20 yum)
passed on the surface of diamond sample. Since the distance between microwave current and
the NV centers can be short (tens of microns), this approach can irradiate microwave field strong

enough to conduct pulse ODMR experiments in Chapter [.

For confocal microscopy and CW ODMR experiments, the signals from APDs (photon count
pulses) are recorded by the counters on a data acquisition board (National Instruments PCI-6602).
The pulses are counted during a time window of a few milliseconds and photon count rate is
calculated, for each position (confocal microscopy) or microwave frequency (CW ODMR). The
pulse modulation of laser and microwave is required for the pulse ODMR, concept of which is
introduced in Sec. [CA and result of which is shown in Chapter . Following timing signals generated
by a pulse generator (Tektronix DTG5274), laser is modulated by the AOM and microwave, the
diode switch, as described above. The signals from APDs are detected as time-resolved events

using a time-to-digital converter (FAST ComTec MCS6A). Recorded time-resolved photon counts
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are analyzed to give normalized intensity corresponding to NV spin state (further details in B3).
Time-resolved photon counting is used for Hanbury-Brown Twiss (HBT) experiments shown in
next section (B2).

The control of the instruments and collection, analysis and visualization of the data is done by
custom softwares written in Python.” Development of software heavily relies on effectiveness of
the language itself and abundant powerful libraries on following list.
numpy, scipy, matplotlib and pandas data manipulation, analysis and visualization'

PyQt4 and pyqtgraph GUI development and fast visualization on it*

PyVISA and PyDAQmx Communication with instruments®

“https://www.python.org/

Thttp://www.scipy.org/

https://riverbankcomputing.com/software/pyqt/, http://www.pyqtgraph.org/
Shttps://pypi.python.org/pypi/PyVISA, https://pypi.python.org/pypi/PyDAQmx
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B.2 Observation of single NV center

Although our main target is high density NV center ensemble, observation of single (isolated)
NV center is necessary. This is because we can estimate the density of NV center ensemble by
comparing photoluminescence intensity with that of single NV center. We briefly show the results
of standard observations for single NV center in this section. We use grow-in NV center in a CVD

diamond film grown on (111)-oriented type-Ib substrate.

Figure B3 shows confocal micrograph of a single NV center, which we will denote by NV1
throughout this section. Since single NV center is a single photon emitter with atomic-size, the
sub-um size of the bright spot in the micrograph is diffraction limit of the confocal microscope.
Apparently, we can see wider broadening along z direction (sample depth direction) than x or
y direction. To evaluate the diffraction limit quantitatively, we plot the line profiles of confocal
micrographs in Fig. B-4. The profile can be fitted to a Gaussian function as shown in the Figure.
For estimation of high density NV center ensemble, an effective volume of diffraction limited
spot, or point spread function (PSF), should be calculated. A point intensity of arbitrary confocal
micrograph contains information of finite volume: the intensity will be a convolution of the real
intensity and the PSF (Gaussian function). We shall regard the PSF as a spheroid with two different
semi-axes (along x and z axes) r, and r,. Semi-axes are defined by the area of Gaussian function

divided by its height:
Fx(z) = V210 x(z)/2, (B.1)
where 0 x(;) is a parameter in the common definition of Gauss function as

1

oV2r

FO) = —=exp [-(x = /%] (B2)

In other words, we approximated a Gaussian function with a step function with same value of
integral. The volume of PSF can be calculated as 47/3r2r, = 0.1 um3. The density of NV
ensemble is estimated by dividing its intensity by the intensity of single NV center, and by this

volume.

The photon antibunching is shown by HBT-type interferometry experiments in order to show

that a single NV center above is a single photon source.[[[35, 136] We measure the (normalized)
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Figure B.3: (a) Planar and (b) cross sectional confocal micrographs of a single NV center. Laser

power is 0.35 mW.
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Figure B.4: Line profiles along x-axis (left) and z-axis (right) of confocal micrographs in Fig.

B3. Lines are fittings with Gaussian function. Backgrounds are subtracted.
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second order correlation function of photoluminescence intensity,

IO+ 1))

) B.3
@)t + 7)) -3

g? (1) =

(1) is the intensity as a function of time, and then g® (7) means the rate of finding photons
simultaneously at two different times separated by 7. For randomly fluctuating light, the correlation
should diminish (g(z) (t) > 1) as |t| — oo. We are interested in the behavior at small time
difference (7). Theoretical calculation based on quantum mechanics results in, for n photon state
at zero time difference,

1
g®«»=1—;<L (B.4)

This is called photon antibunching. We expect g® (0) to vanish for single photon state (n = 1)
created by single photon source. We experimentally used two APDs, a delay cable and the time-
to-digital converter (TDC) to measure g(z) (7). The signal from APDO is connected to TDC’s start
input while the signal of APD1 is delayed by about 60 ns and connected to stop input. TDC records
the number of incoming pulses (photon counting events, /(¢)I (¢ + 7)) as a function of time between
start and stop (7). The data is normalized using expectation above: g(z) (1) = 1 (|7] = o0). Figure
B3 shows the results of g(z) (1) measurement under different excitation laser powers. We can see
clear antibunching behavior near v = 0. g® (0) is not showing exact zero due to background
light, however, it shows value about 0.25, which is much smaller than 0.5. According to Eq. B4,
g@ (0) will be 0.5 if the emitted light is a two photon state. Thus, g (0) < 0.5 can be used for
the evidence of single photon emitter.[[35-137]

The single photon emitter shows clear saturating behavior of photoluminescence.[135, [36]
Figure B shows the laser power dependence of photoluminescence intensity of two different NV
centers. Both dependence is well fitted to an empirical expression,

Isar P

I(P) = ————.
(P) Pgyr + P

(B.5)

The saturating behavior is due to a finite lifetime of excited state (and metastable singlet states).
Maximum rate of photons emitted from a single NV center is limited by these lifetimes.[136]
In addition to NV1, we have showed intensity of another NV center (NV2). NV2 shows lower
intensity than that of NV1 at same excitation laser power. This difference seemingly originates

from difference of orientation. The electric dipole lies in the plane perpendicular to the NV
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Figure B.5: The second order correlation function (g? (1)) of photoluminescence from a single

NV center (NV1).
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Figure B.6:  Laser power dependence of photoluminescence intensity of single NV centers.

Pgor =2.7TmW, L4, = 240 keps for NV1. Py, = 4.6 mW, I, = 130 keps for NV2.

axis,[24] NV centers along [111] can interact more efficiently with the laser propagating toward
perpendicular direction to the substrate. Several groups have reported stronger photoluminescence
from single NV centers along the [111] axis than the other three.[83, I21] As shown in Fig. B,
we determined NV center orientation using ODMR under static field along [111] direction. By
comparing split of two ODMR lines, we can determine that NV1 is along [111] axis, and NV2 is

along either of 3 axes other than [111].
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Figure B.7: ODMR of single NV centers under static magnetic field of about 25 G along [111]

direction. Signal-to-noise is not very good because microwave power is not optimized.
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B.3 Pulse ODMR experiments

Pulse ODMR experiments are performed using basically two different pulses, the laser and mi-
crowave pulses. Detailed descriptions of the microwave pulse sequence are presented in Sec. L4
in introduction and Chapter [. In this section, we will show how to read the spin state of NV
centers using the laser pulse. This is a standard method which can be found in literatures on pulse
ODMR experiments of single NV center.[6Y, 3R, 139]

Figure B¥ illustrates typical experiments to read out NV center spin state by observing photo-
luminescence intensity under a laser pulse. The sample is CVD2 appeared in Chapter B and [1. Two
different initial spin states, |ms = 0) and |mg = —1), are prepared and read out. As shown in Fig.
BR (a), the [mg = 0) state is prepared by a laser pulse (5 us width) and subsequent delay of 1 us to
wait the states to decay from meta stable singlet states. Preparation of |m; = —1) state is done by
the same laser pulse and delay, plus a resonant microwave n pulse to flip the state from |m = 0)
to |my = —1). After the preparation, the spin state is read out under another laser pulse, as shown
in Fig. BZR (b). This data is recorded by directly measuring time dependence of APDs’ photon
counting events using TDC. The timebin is 3.2 ns and about 1.5 x 10° individual experiments are
repeated for each trace. We see stronger luminescence for initial |mg = 0) case than |[ms; = —1)
at the beginning of laser pulse. Since the optical pumping re-initialize the spin state, both case
shows almost same intensity in latter half of the laser pulse. To quantify this difference, we set a
time window of 300 ns (Signal) at the very beginning of laser pulse and another window of 2400
ns (Reference) in flat area. Normalized intensity is defined as average intensity in Signal window
divided by average intensity in Reference window. This normalized intensity is used throughout

Chapter [1 as a quantity representing NV center’s spin state.
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Figure B.8: Time-trace of photoluminescence intensity from NV center ensemble. (a) Pulse
timings of a laser pulse (and microwave m pulse) to create initial state, and another laser pulse to

read out. (b) Recorded time-trace data.
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