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ABSTRACT

Yield Optimization of Nitrogen Vacancy Centers in Diamond.
(August 2011)
Jeson Chen, BS, National Taiwan University

Co-Chairs of Advisory Committee: Dr. Philip Hemmer
Dr. Alexei Sokolov

Solid-state technologies for quantum mechanical application require delicate
materials that can operate stably with a long coherent time. Nitrogen vacancy (NV)
centers in diamond is one of the most promising materials for quantum physics, with
applications such as single photon emitters, quantum computation, and magnetic sensor.

To fully exploit the capability of NV centers in diamond as magnetic sensors and
quantum bits, the optimum production recipe, as well as the method to enhance its
optical performance, has been studied in this work. The NV centers in bulk diamond
were prepared by ion implantation and electron irradiation, and the maximized yield
above certain annealing temperature and time threshold, optimum dose for magnetic
sensitivity, and the enhancement of coherence time by hot irradiation are found by
comparing its optical and magnetic performance both experimentally and theoretically.
In addition, the enhancement of optical performance and size characterization of NV
centers in nanodiamonds by means of ambient air oxidation will be discussed in this

work.
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With the optimum recipe to handle NV centers in diamond in this work, the
current NV magnetic sensors can achieved higher sensitivity and many NV-related

applications can also benefit from getting a higher yield of NV centers.
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CHAPTER1

INTRODUCTION

Detection of weak magnetic fields with high resolution revolutionizes the way of
measurement in physics and medical science. A sensor able to detect magnetic fields
with picotesla resolution would enable unprecedented applications, such as detection of
the slight magnetic field emitted by currents within a firing neuron. Magnetic detecting
techniques using superconducting quantum interference devices [1], Hall effect sensors
[2] , and magnetic force resonance microscopy [3] have been studied, but these
techniques required low temperature, extreme vacuum, or long data acquisition time, all
of which restrict application.

On the other hand, the nitrogen vacancy centers in diamond have shown great
potential as a magnetic sensor: optical spin initialization and manipulation enables non-
invasive magnetic field detection at room temperature [4], and long spin coherence time
facilitates ultrasensitive magnetic field detection [5]. Although NV centers have been
produced and studied for 30 years [6], the recipe for high concentration production and
optimum sensitivity has not yet been systematically studied. In addition, for biological
applications a high concentration of NV centers is needed to have at least one NV in

small nanometer sized diamond (ND) [7][8].

This thesis follows the style of Physical Review Letters.



Here, we demonstrate both theoretical and experimental studies of the creation of high
concentration of NV centers and examine their optical and magnetic properties with
various doses and temperatures, and obtain an optimum recipe for bulk diamond.
Moreover, the size shrinking and fluorescence enhancement methods are also explored

for NDs for eventual biological applications.



CHAPTER 11

THEORY

A. Diamond properties
A diamond is a transparent crystal consisting of carbon that exhibits extremely

high hardness. Table. I summarizes the properties of diamond:

Table. I Common properties of diamond

Mohs hardness 10

Molar mass 12.01 g/mol
Chemical formula C

Crystal structure Octahedral
Density 3.52 g/cm3
Refractive index 2.418
Thermal conductivity 900-2320 w/m - K
Optical transmission 225 nm to IR
Debye Temperature 2200 K
Displacement energy 43 to 46 eV
Binding energy 7.3 eV

Diamond’s crystal structure is one of the closest packing lattice : face-centered cubic
with sp3 covalent bond, which make diamond hard and chemically inert. Using strong
acid to clean diamond is feasible and allows removal of most dirt, some amorphous
carbon, and graphite on surface without eroding the diamond.

The bond strength of diamond also allows heating in vacuum to high temperature up
to 1700°C and can be baked in air up to 700°C before converting to graphite. The
surface of bulk diamond and nanodiamond (ND) can be covered with graphite,

amorphous carbon, functional chemical groups such as C=0, O-H, and C-H. To remove



the surface layers of graphite and amorphous carbon, diamonds are either oxidized with

acid such as boiling piranha solution (H,S0,4: H,0, = 3: 1) at 500°C for 2 hours,

oxidized in mixed acid solution (sulfuric acid : nitric acid : perchloric acid =1:1: 1) at

90° C for 3.5 hours, or baked in ambient air at 400°C for a few hours. After oxidation,

any C-H, C — H, or C — H3 groups are completely removed, and mostly C=0 and O-H

groups on surface remain [9][10].

1. Synthesized diamonds and classification

Ordinary bulk diamond contains impurities and the color changes according to the

impurity in it. In Table. II bulk diamond type is classified.

Table. I Different types of diamond

Classification Color
Type Clusters of nitrogen Pale yellow or
. IA impurities. colorless
Type I N1trogen : '
impurity Type Smgl§ . n1trqgen atom
B | impurities dispersed  in | Dark yellow or brown
diamond
Type | Almost or entirely devoid of lorl
No ITA impurity coloriess
Type 11 nitrogen
impurity | Type B . . .
oron impurity Light blue or grey

IIB

To produce diamond, there are a few common methods:

® High pressure high temperature synthesis (HPHT) diamonds are produced

from pure carbon source at temperature around 1500°C under 5 GPa




pressure. The diamonds produced in this method contains nitrogen impurities
and are mostly type Ib diamonds [11].
® Chemical vapor deposition (CVD) diamonds are formed with ionized
methane and hydrogen gas where the growth completes with the hydrogen
plasma etching. The diamonds produced in this method can be easily grown
with selected impurities. CVD diamonds are the main source of ultrapure
diamond (type Ila) [12].
® Detonation nanodiamonds are originated from detonation of a mixture
of trinitrotoluene and hexogen. The typical diamond particle size produced in
this method is around 5~8 nm [13].
2. NV centers in diamond
The substitutional nitrogen impurity with a carbon vacancy nearby in diamond is
called nitrogen-vacancy center as shown in Fig. 2-1. Nitrogen vacancy center,
belonging to C3y pyramidal symmetric group, can be found in both natural and
synthesized diamond, and the two charge states: N — V% and N — V™ has optical zero
phonon line centered at 575 nm and 637 nm, respectively [14].

There are 5 valence electrons covalently bonded between the nitrogen and the nearby
carbon atoms, and there are 2 quasi-covalent boned electrons between the nitrogen and
the vacancy site. In addition, there are one or two unpaired electrons around the vacancy
and these nitrogen vacancy centers are denoted by N — V? and N — V™ respectively. In

this work, only negatively charged nitrogen vacancy centers will be

discussed and simply abbreviated as NV.
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Fig. 2-1 Schematic of nitrogen-vacancy center in diamond.

The two unpaired electrons in NV center forms a spin ground triplet (S=1). The
electron orbital transition between the triplet excited state °E and the triplet ground
state A are separated by 1.945e¢V (637 nm) with an excited state life time of 13 ns [15],
while at least one metastable singlet state 'A or 'E in between has a life time of
approximately 150-300 ns. The energy spectrum is shown as Fig. 2-2.

There are two decay channels from the excited state °E: the spin preserved channel
from “E directly dropping to A , and the indirect spin-selective channel from °E via
singlet metastable state 'A to *A that mg = +1 degenerate sublevels decaying to mg = 0
is mostly favored. Thus, the net effect after a few optical pumping cycles with the two

decaying channels will lead to spin polarization to mg = 0 state.



1 %
= Y
o 3E L
N
N\
Y
b
G37nm H 1A
o F 4
F
!
!
'
I
4
Y i

i
3 3 J, I 2 87GHz

Fig. 2-2 Electron energy diagram of N'V.

The electron spin Hamiltonian of NV~ is given by:

Hypin = D(SZ — 2 [S(S + 1)] + E(S2 — S2) +YB - S) Q2.1)

with D the zero field splitting (ZFS) of 2.87 GHz, E the strain, y the electron
gyromagnetic ratio, and B the external magnetic field. Since there is a ZFS, the

energy of mg = *1 states are intrinsically higher than mg = 0 state without the presence
of magnetic field. There is also hyperfine coupling between electron and the nearby
nuclei with nonzero spin such as 12N, 13N, and’2C leading to sublevels with less than

4% of zero field splitting [16].



B. Electron spin resonance

The Hamiltonian due to spin in the presence of a magnetic field aligned along the

defect axis is given by

H=-825.B (2.2)
where g is the gyromagnetic ratio of electron = 2.002319, pug the vacuum permeability, S
the spin, and B is the external magnetic field.

Applying the approximation that only the component of magnetic field parallel to the
NV- symmetry axis shifts the energy and the ground electron state of NV- is spin 1, a
perpendicular oscillating magnetic field can make a transition from mg = 0 to either of

the mg = +1 states depending on which transition the perpendicular field is in
resonance with. For small (smaller than the splitting magnetic field of 3A of 1027 Gauss)
or no axial magnetic field the m=0 and my=-1 transitions can be treated as an
independent two-level quantum system:

W) = Co(e™™ [0) + Cy(e™rt |1) (2.3)

in time-dependent perturbation theory

Ci(t) = — = X (ilH|n) el @-on¢ €, (1) . (2.4)

ThUS, the probablhty iS given by
0—-—1 1 R y .

where Ry = g”‘;Bl , B1 is the amplitude of the oscillating magnetic field, and




R = /ROZ + 82 is the generalized Rabi flopping frequency with given frequency

detuning & [17]. The Rabi flopping diagram is shown as Fig. 2-3.
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Fig. 2-3 Example of Rabi flopping of two level quantum system.

1. Pulsed electron spin resonance

After finding out the Rabi frequency, the spin state may be “rotated” by different
phase angle in the Block sphere by applying microwave for some chosen time. The
simplest pulsed ESR experiment is the free induction decay. After initializing the spins
of the system to |0) state, the microwave pulse called 7/2 pulse is applied within 1/2 of

the time duration to rotate the spin to |1) state as shown in Fig. 2-4.
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|0)

[ — - |0)*]1)

|1} 1)

Fig. 2-4 Spin phase rotation of /2 in Bloch sphere.

The spin ensemble system is left to develop for an adjustable time 7, after that,
the signal of the spin states can be read out with the result similar to the theoretic
Rabi flopping. The purpose is to measure spin dephasing during the interval T since
any such dephasing will prevent the system from returning to its original state.

Although the FID method is simple, the detected signal decays quite fast
resulting from inhomogeneous broadening due to slow changes in magnetic field
and spin-spin relaxation. An alternative way to monitor the spin interaction for a
longer time is to apply a Hahn echo pulse sequence. Basically, the Hahn echo pulse
add an extra 7 pulse to refocus the inhomogeneously broadening spins. The pulse

sequences for FID and Hahn echo are shown in Fig. 2-5.
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Free induction decay

Spin Initialization =72 pulse free precession measurement
' time t

e
Hahn echo }

Spin Initialization =2 pulse free precession = pulse  free precession Measurement
time © time ©

-

time

Fig. 2-5 Schematic diagram of different pulse experiments.

The spins in the system after the first /2 pulse precess at slightly different speed and

begin to spread out, but 7 pulse flips the precession plane and those were precessing
faster now precess slower and the slower spins now precess faster. As a result, spreading
spins refocus at time equal to the delay between 7 and 7/2pulses. When the spins are
precessed for the same free precession time 7, the spins are then refocused as shown in
Fig. 2-6. Finally, magnetic signals that reverse sign between or change in amplitude
between the first and second waiting time can be detected without inhomogeneous
broadening. However, DC or slowly varying magnetic fields cannot be detected by this

method.



1) Initialization

4) = pulse

21w2 pulse

5) Free precession

Fig. 2-6 Schematic diagram of spin during Hahn echo pulse.

2. Spin relaxation time

6] =7 pulse

The measured signals from the spins decay exponentially with time, and there are

two different intrinsic relaxation times of a spin ensemble: spin-lattice relaxation

time (T1) and spin-spin relaxation time (T2). T1 characterizes the time needed for

the longitudinal component of spin relative to external magnetic field to recover

back to its thermal equilibrium state, whereas T2 characterizes the time for

transverse component of the spin, sometimes called coherence, to decay toward

zero. In general, the longitudinal spins relaxes according to

Sl(t) = Sl,eq - [Sl,eq - Sl(())]e_ﬁ >

t

and the transverse spins decay according to

S.(0) = S(0)e ™ .

(2.6)

(2.7)

12
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For NV centers in the presence of ESR defects like substitutional nitrogen
centers or charged vacancies, T1 and T2 are mainly affected by these electron spins
and can be shortened by implanting high concentrations. For NVs shallowly
implanted near the surface additional surface spin defects can shorten T1 and T2
even more. In ultrapure crystals T1 is limited by phonons and T2 is limited by
interactions with ">C isotope in the lattice.

C. Photons autocorrelation function

In general, there are three different types of light sources differing by their
intensity fluctuation: laser or coherent light, thermal light, and single photon emitter
light as shown in Fig. 2-7. To distinguish among these, the photons autocorrelation
function, or the second order coherence g (1) is used, given by

@) (1) = {LONIE+D)
g =" (2.8)

where I(t) stands for the light intensity at time t. This can be measured
experimentally and used to calculate the light source’s fluctuation to determine its

coherence type.

a-es - e bunching
- ] & - - - anti-bunching
L - e ] - random
LY
. -
time

Fig. 2-7 Photons detection as a function of time and its classification.
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If g (1) >1, the light source is thermal light and shows “bunching” behavior.
And if g@ (1) = 1, the light source is laser-like and photons are randomly
distributed as in a Poisson distribution. If g (7) <1 which arises from single
photon sources used for quantum communication and shows “anti-bunching”.
g®@ (1) can be measured by Hanbury Brown and Twiss experiment that utilizes an

50% beam splitter and an turnable time delayer unit as Fig. 2-8 below.

correlator

detecor . ~— — __ Q

.

—

-
|
!

light source = H/? w detecor

50% Beam splitter time delay

Fig. 2-8 HBT experiment setup.
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CHAPTER III

COMPUTER SIMULATION

A. Ton implantation simulation

Ion implantation is the process where electric field accelerated ions are injected into
materials to imbed impurities. The vacancies in diamond are the empty sites that carbon
atoms were “kicked out” of by the recoil of the implanted ions. To produce the NV~
centers in type IIA diamonds, diamonds are implanted with nitrogen ions to create both
nitrogen impurities and vacancies.

For the simulation of ions and vacancies’ spatial distribution after ion implantation, a
free academic sharing software “Stop and Range in Matter (SRIM)” made by Dr. James
F. Ziegler was used as Fig. 3-1. To optimize the simulation, there are a few parameters
in this Monte Carlo simulation can be chosen: the atomic number of implant ion and
implanted material, the implantation energy, the implanted material density, and the
implanted material displacement energy.

Those parameters for the nitrogen ion implantation experiments in diamond are: the
nitrogen ion atomic number 7 and implanted carbon atomic number 6, the density of
diamond 3.52 g/cm3, and the displacement energy of carbon atom in diamond lattice

45eV [18].
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Fig. 3-1 Depth simulation of 1000 nitrogen atoms in diamond for 2 MeV implantation.

There are several important simulated results that can be readout as a parameter for

further analyzing : the vacancies created per ion, the longitudinal range of ion, the

16

straggle distance of the implanted material, the phonons energy ratio of energy loss per

stopped ion. In addition, the implanted ions and vacancies concentration as a function of

{ATOMS /em3) / (ATONS /em?2)

ION RANGES
Ion Banze = 1.11um Skewness = -L1.8362
Straggle = 644 A Hurtosis = 22 BB855
| 10x10+
8x104
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4x10*
H 2x104
4
o
-]
L ]
A - Target Depth - 1.5 um

Number/{Angstrom -Ton)

COLLISION EVENTS
Vacancies Produced (K-F)
nA - Target Depth -

Fig. 3-2 Nitrogen and vacancies concentration simulation of 2 MeV implantation.
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implanted depth can also be plotted as Fig. 3-2 and Fig. 3-3.

(b) M ion implnatation
35U T T T T T T T T T

300

— — %] [ ]
= (5] = [5y)
= = = =

“acancies created per implanted N ion

(5]
=

U 1 1 1 | | 1 | 1 |
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Energy (eV)
(a) M ion implantation
0.06 1
u.osﬁ 10keV |
=
2
2 0.04 1
=N
£
= 0.03
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0 1 /\
0 500 1000 1500
Depth (nm)

Fig. 3-3 (a) Nitrogen number as a function of depth (b) vacancy created per ion with different implantation
energy based on SRIM simulation.
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B. Diffusion simulation

Diffusion describe random motion of particles that cause the particles to move from
regions of high concentration to regions of low concentration with a net effect that the

particles slowly fill the entire mobile space as Fig. 3-4.

® & o e @
O
@ O
L s © o @
@ ® ®
—_ @
@
@
o
Fig. 3-4 Diffusion process.
The diffusion process can be described by Fick’s Law:
Ist law
J(r,t) = —=DVC(r, t), (3.1
and 2nd law
D= v b, (3.2)

where J is the particles flux vector, D the diffusion rate coefficient, C is the

concentration of particles. Combining these two equations, we obtain Fick’s equation:

ac(r,v)

5D = DVEC(nb) . (3.3)

The vacancies and nitrogen impurities diffuse in diamond beyond certain temperature

and the NV concentration will change according to different spatial distribution of
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vacancies and nitrogen. The diffusion coefficient is a function of temperature given by

Em

D = Dye kT, (3.4
where Dy is a constant depending on material, E,;, is the migration barrier energy of a
diffusing particle, kg is Boltzman’s constant, and T is temperature.

For simulation of the vacancies diffusion process in diamond, the leading diffusion
coefficient value is reported to be 3.69 x 10% nm? /s with the migration barrier of the
vacancy between 0.42- 2.8 eV [19]. Here 1.7 eV is elected to simulate the vacancy
diffusion in this work. Similarly, the diffusivity of nitrogen at different temperature can
be found in Allison‘s report stating that there are two migration channels of nitrogen:
Vacancy assisted migration energy 4.5 eV and self-diffusion migration energy 6.3 eV.
[20]. Compared to vacancy, the nitrogen atoms remain static below 2200K, and the
vacancy assisted nitrogen become mobile when the temperature higher than 1750K. The
simulation of vacancy and nitrogen diffusion processes are shown as Fig. 3-5.

To include reasonable source term in Fick’s equation to model the diffusion process
during ion implantation, an additional Gaussian distributed source term is introduced and

it is assumed that the implantation is cylindrically symmetric to give

aC(z, ©) _ - d*C(zb) roo_z
o0 - PTaz TRt (3.5)

number

where I' = flux = and ¢ is the Gaussian standard deviation parameter.

nm?2-sec’
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Fig. 3-5 The vacancy and nitrogen (-- for vacancy assisted nitrogen) diffusion coefficient as a function of
temperature.

The modified dynamic diffusion process can be solved by applying the

following two boundary conditions:

C(too,t) =0, (3.5)
ac(, v
——=0, (3.6)

which sets the concentration at infinity to be zero and the concentration a local

maximum at the center. (The coordinate is chosen such that the center of the Gaussian

implanted source is located at the origin)

20
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Fig. 3-6 The vacancies concentration as a function of depth and time at different temperatures during 2
MeV nitrogen implantation with total dose = 100 N/nm? . Note that the concentration of vacancies goes
below graphitization threshold for temperature higher than 1000°C.

By Gaussian-fitting the room temperature ion implanted data from SRIM simulation
as a source term in the modified Fick’s equation (3.4) with software compiled in
Matlab, the dynamic solution can be obtained at different temperature as Fig. 3-6.

It was reported [21] that there is a graphitization threshold for ion implantation in

diamond independent of ion species and implantation energy: diamond crystal
transforms into graphite when concentration of vacancies exceed 10 V/nm? and will
not turn back to diamond after annealing.

In order to maximize the yield of NV centers, the implantation of nitrogen should be
done at the maximum possible dose to produce the most nitrogen and vacancies but must
always stay below the graphitization threshold. However, the implantation duration and
the temperature determine the resulting local vacancies concentration and, thus, an

overall consideration of parameters has to be chosen to qualify the maximum possible



yield requirement. By using the diffusion simulation in this work, the optimum

parameters can be determined to meet the requirement as Fig. 3-7.
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2 MeV nitrogen implantation.

C. Reaction simulation

The vacancies in 1B diamond or nitrogen implanted diamond undergo reactions:

All temperature

V+e &V

(3.7
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T> 600°C
V+N—>NV , (3.8)

NV+N& NV +N'. (3.9)

The nitrogen atoms act like electron donors in diamond and enable free electron
transport. In nitrogen rich diamonds, the negative charged vacancy V™~ ( ND1 optical
absorption band) is the dominant defect and its concentration can be an order of

magnitude more than the concentration of neutral vacancy V ( GR1 optical absorption
band).

The nitrogen concentration for the growth of NV is dependent on the growth sector of
the high pressure high temperature process [22]. In addition, the yield of NV~ is 10~40
times greater than the yield of NV for 1B diamond after electron irradiation and the
following annealing [23]. It is also observed that the NV yield reducing vacancy-
interstitial recombination which often appears in IIA diamond doesn’t occur on nitrogen
rich diamond [24].

The first explanation of the creation mechanism of the NV center in 1B diamond was

done by G. Davies in 1992 [25]:

d[v7] V7]

= = e+ r[V], (3.10)
= (e + )V + (3.11)
A[V] + A[V™] = A[NV], (3.12)

where 1. is the reaction rate of charge conversion, r, the decay time due to annealing,
and r the equilibrium ratio of [V™]/[V]. However, he calculated reaction rate by

converting the optical absorption to concentration with
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Ogri=1fcri[ V] (3.13)

and fitted his experimental data. The converting coefficient he used fl\'ﬂ = 4 is contrary
GR1

to what is experimentally derived later : fyp; = 4.8 X 1071®meV - cm? [26] and
fere = 6 X 107meV - cm? [27]. In addition, the growth of negatively charged
divacancy V,  in irradiated 1B diamond above 600C reported by Joseph Kiprono [28]
can’t be explained if all the vacancies form NV centers. In this work, the new dynamic
model of NV center as well as V, formation will be discussed in the following.
Assume that the negatively charged divacancy V,  forms via the following reaction
V+V™ >V, (3.14)
instead of capturing an electron from neutrally charged divacancy, because there is no
neutrally charged divacancy observed in 1B diamond [29]. The other assumption is that
the formation of NV~ involves the diffusion and reaction of neutral vacancy only, since
the charged vacancy doesn’t diffuse [23].
The re-fitting of the 750°C annealing data of 1B diamond by G. Davies [6] is done as
Fig. 3-8 with the up-to-date experimental optical absorption coefficient and the

mixture of mutual charge conversion, first, and second order kinematics:

S =—@ r +rVl - A -2 VI[V] +r. (3.15)

W - V(1 - 2, VIIV] + V], G.16)
dNVT]

a —pra-nlvl, (3.17)

where 1. is the charge conversion rate, ry, is the first order vacancy reaction rate, r the
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Fig. 3-8 Re-fitting of the experimental absorption data of 750°C annealing of 1B diamond irradiated to a
dose of 101°~10'7e/cm? with 2 MeV electrons by G. Davies. (a) ND1 and GR1 with parameters: a=0.9,

ry= 0.2, r.=0.7, and r =0.6 . The strength of optical absorption A is derived by integrating the absorption
coefficient W(E) (measured in cm™) at photon energy E (measured in meV) over the zero-phonon line:
A = [u(E)dE. (b) NV line with parameter b= 0.84 and f,, = 1.35 X 1071° meV - cm?.
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equilibrium ratio of [V™]/[V], a is the ratio of vacancy trapped by any sink to all the lost
vacancies, and b is the ratio of [NV™] formation to vacancy trapped by any sink.

In addition, the equation for temperature dependence of reaction rate is used

ry = r‘,oe_kBLT (3.18)
with the activation energy E of 2.3eV for vacancy capturing by sink reaction [25].
For vacancy created by electron irradiation, the conversion between electron irradiation
dose and vacancy concentration is 2 vacacnies/electron - cm [23]. Using these
equations and the same parameters for the simulation of 750°C annealing of 1B diamond
above, the dynamic growth of NV center for 30 minutes isochronal annealing at different

temperatures can be simulated and compared with the work by G.Davies [6] as Fig. 3-9.
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Fig. 3-9 Simulation of the NV center growth after 30 minutes isochronal annealing and comparison to the
work of G. Davies in 1976 of 2 MeV electron irradiated 1B diamond with a dose of 5 X 1017e/cm?. The
parameter used is ryg = 1.25 X 107, and it is assumed that 70% of the initially created vacancies are V™.
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Given initial implantation or irradiation dose, the annealing temperature and time to

yield the maximum NV yield can be calculated by the same simulation as Fig. 3-10.
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Fig. 3-10 NV concentration with different nitrogen implantation doses as a function of (a) annealing
temperature (b) annealing time at 800°C.
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CHAPTER 1V

EXPERIMENT

A. NVs optimization in bulk diamond

To create a substitutional nitrogen impurity with an adjacent carbon vacancy (NV) in

diamond, there are two different ways:
(1) Ion Implantation

To produce the NV~ centers in type IIA pure diamonds, diamonds are implanted with
nitrogen ions to create both nitrogen impurities and vacancies. In this work, a 2 MeV ion
implantor has been used to create a large amount of vacancies per injected nitrogen ion
in a commercial Element 6 electronic grade type IIA 3 mm x 3 mm diamond.
(2) Electron Irradiation

For type IB diamond, the intrinsic nitrogen contents is around 75 ~200 ppm, and thus
only additional vacancies are required in these kind of diamond to create NV centers. In
this work, a transmission electron microscope (TEM) JEOL-2010 has been used to
create vacancies on type IB diamond with an energy of 200 keV.
1. Ion implantation

Ion implanter consists of an ion source, accelerator, and a target chamber. The ion
source emits ions proportional to the excitation current applied. After ionization, the
ions are accelerated and pass through mass/charge selector to be filtered out the desired
charged ion. Then, the selected ions are accelerated by high DC voltage and pass

through series of focusing magnets until impinging onto the sample mounted in the
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target chamber as Fig. 4-1.

Focusing magnetic ~ Target chamber and
Magnetic lens sample

o O
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O O

filed selector

acceleration

ion source 1
— voltage

Fig. 4-1 Ion implanter.
The ion implanter used in this work is Dynamitron electron beam particle accelerator
(IBA Industrial, formerly Radiation Dynamics) capable of implantation energy from

300keV to 50MeV at Ruhr University at Bochum. Before ion implantation, diamonds

are ultrasonicated in acetone solution for 30 minutes. Then 10 MeV 4N~ ions are

implanted into diamonds with flux 3.2 X ions/s - cm? .

2. TEM irradiation
Transmission electron microscope (TEM) is a microscope using electrons and
electromagnetic lens instead of photons and optical lens. Since the Rayleign resolution

for lens is given by
Al = — 4.1)
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with the Angstrom scale de Broglie wavelength of the electron enables nanometer
resolution.

The basic components of TEM consist of a filament (electron gun), magnetic lens,
apertures, a vacuum chamber, and a charge coupled device (CCD) camera as Fig. 4-2. In
this work, high energy electrons from the TEM are used as a vacancy creation source for

NV center creation.

~._~ Filament(Electron Gun) w
C1: Spot size
Condenser System
C2: Brightness |

————————————— Specimen plane

Objective lens

____________ 1st image plane

E Projector System

Screen

Fig. 4-2 TEM components and TEM (JEOL JEM-2010).

The TEM used in this work is JEOL JEM-2010 with LaB6 filament. Diamond
samples with thickness less than 0.5 mm are cleaved to fit in the 3mm TEM sample
holder, and then are clamped between two Molybdenum grids (SPI 4260M-MB) and
mounted on a single-tilt heating holder (Gatan model 628). The stage can reach

temperatures up to 1000°C The beam current density for irradiation is between 75~120
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pA/cm? with 200 keV voltage, and the beam spot size on the TEM phosphor screen is
1~2 cm in diameter with magnification set to be 100 kx for highest flux. Since the actual
magnification is about 75% of that on the screen, the magnification is around 75 kx.

Then the total electron dose is calculated by

dose =] Xt X Ascreen/Mz , 4.2)

film

where J is the current density, t the irradiation time, Ag. een the spot area on the screen,
and Mg, the actual magnification on film.
3. Cleaning and annealing

After ion implantation/ electron irradiation experiments, the diamonds are boiled with
mixed acid solution (sulfuric acid : nitric acid : perchloric acid =1:1: 1) at 90°C for
3.5 hours in a condenser system to remove surface graphite, some of the amorphous
carbon atoms, and other contamination. In order to diffuse the vacancies and form NV
centers, the acid cleaned diamonds are then heated up in vacuum chamber at around
800C in 107° torr for 3 hours (the heating rate is 20°C /min). Finally, the diamonds are
ultrasonicated in acetone for 10 minutes to remove surface residues.

4. ODMR measurement

To characterize the NV center in diamond, a home-built optical detected magnetic
resonance (ODMR) setup as shown in Fig. 4-3 has been used to measure NV center

concentration, ESR line shape, and Rabi oscillation by fluorescence intensity.
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Fig. 4-3 ODMR experimental setup. AOM is the acoustic optical modulator, M are the mirrors, BS1 is a
5% reflectance beam splitter, BF is a 530 nm bandpass filter, L are the convex lenses with focal length
15cm , BS2 is a 50%-50% beam splitter, and APD is the avalanche photodiode.

The linear relationship between photon counts rate and laser power is shown as
Fig. 4-4. The fluorescence photon count rate subtracted with the background counts at
each pixel is in proportion to the local NV concentration and the laser power, and the
NV center numbers might be estimated by dividing it with the single NV center photon

count rate. The pixel size for the measurement in this experiment is around 0.25 pm?

and the single NV photon counts is 70k counts/2uus with 2.36mw 532nm excitation laser.
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Fig. 4-4 Fluorescence photons counts versus 532 nm excitation laser power for dose 0.1 N/nm? of sample
12C. The estimated number of NV centers per pixel is around 29.

The photon count rate are measured at different nitrogen dose implanted spots as
displayed in Fig. 4-5 with normalized laser intensity of 20uW. The fact that vacancy

concentration reaches graphitization threshold when nitrogen implantation dose is larger
15 N : : : 15 N
than 10 /sz explains the decrease of fluorescence intensity beyond 10 /sz

dose.
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Fig. 4-5 The fluorescence intensity versus different doses of 10MeV nitrogen implanted diamonds: IIA is a
pure diamond with natural abundance of "*C isotope (1.1%). 12C is a diamond with less than 0.1% “C
isotope. 1B100 and 1B111 are nitrogen-rich type IB diamonds with different growth sector along 100 and
111 crystal directions.

To measure ODMR, the pulse sequence below has been applied for Rabi
measurement. The additional laser pulses used for spin initialization and optical readout
have been added to the free induction decay and Hahn echo pulse sequences and are
synchronized with the microwave pulse by Data timing generator (Tektronix DTG 5274).
A schematic diagram for the ODMR pulse sequence is shown in Fig. 4-6 below, and the

measured ODMR results are shown in Fig. 4-7.
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Fig. 4-6 Pulse sequence of ODMR of (a) Rabi oscillation (b) Hahn echo.
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Fig. 4-7 ODMR of single NV center (a) ESR line shape (b) Rabi oscillation with normalized fluorescence
(c) Hahn echo measurement with normalized fluorescence. (exponential fitted value of T2 is around 17us).
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Fig. 4-8 (a) T2 measurement of HP sample implanted with 7.5 keV nitrogen ions. In addition, the
calculated magnetic sensitivity is shown as (b). Intensity is shown as inset.
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Another 7.5keV nitrogen implanted diamond sample measured in HP lab is shown as

Fig 4-8. The minimum detectable magnetic field can be approximated [23] by

B
C_ T, 4.3)

where C,_ is the concentration of NV centers. By substituting the concentration of NV



38

centers with measured photon counts, the optimum dose for best magnetic sensitivity can
be determined to be around 0.4 N /nm’.
5. Hot irradiation

It can be inferred from Baker’s work [30] that most of the non-zero spin vacancy
centers (mainly V2 and V3) transformed into V11 complex above 1000C and the
effective numbers of non-zero spin vacancy center decrease. Thus, high temperature
electron irradiated type IB diamond has been studied in this work to enhance the
magnetic sensitivity of NV centers. The IB diamond sample studied in this work was
first irradiated at 210°C and then irradiated at 968°C. The measured Rabi oscillation is
displayed in Fig 4-9.

Due to low signal to noise ratio of measurement in 1B diamonds, T2 can’t be

measured and Rabi decaying time is measured instead. The detected signal can be fitted

t

with =
S, o< e *sin(Rt+9), (4.4)

where ¢, is the Rabi decaying time, R the Rabi frequency, and ¢ is the phase angle.
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Fig. 4-9 Rabi oscillation of electron irradiated IB diamond with fluorescence normalized to one. The
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40

The Rabi decaying time can be related to T2 by [31]:

1

1
=—+0aR , (4_5)

tRahi d 2T2

where ol is a constant related to noise. In reality, T2 is approximately linear to Rabi
decaying time due to small noise constant o and thus Rabi decaying time provides a way
to estimate the degree of spin relaxation as Fig. 4-10. It can be observed from the graph
that irradiation at higher temperature does increase the spin coherence.

B. Engineering nano diamond characterization

In this work, we characterize the size and effects on nitrogen-vacancy centers in NDs
by air oxidation using a combined atomic force microscopy/confocal system. The
average height reduction of individual crystals as measured by atomic force microscopy
was 10.6 nm/h at 600°C air oxidation in ambient air. The oxidation process modifies the

surface including removal of amorphous carbon, graphite, and organic material which

leads to a decrease in background fluorescence.

The diamond nanocrystals (Microdiamant, MSY 0-0.1 um) with a mean size of 50 nm
ranging from 0 to 100 nm as measured by an atomic force microscope (AFM), were
dispersed on a glass cover slip (Menzer-Glaser). The cover slip was laser scribed with a
5 x 5 grid consisting of 50 X 50 um? squares (Fig. 4-11). This enabled the
identification of the same nanodiamond sites over consecutive oxidation steps.

The sample fluorescence was simultaneously measured with a confocal sample-

scanning fluorescence microscope (100x oil immersion objective lens, NA 1.4), excited
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Fig. 4-11 Experimental setup. (a) shows an artistic view of the confocal beam incident from the bottom
and through the glass coverslip combined with the AFM tip probing the sample from above. The inset is a
photograph of the sample from directly above, one can see the laser scribed grid and the AFM cantilever.
(b) is a confocal intensity map of the sample and (c) shows the corresponding AFM Height map. The scan
area is 50 x 50 pum.

with a 532 nm CW diode pumped solid-state laser (Coherent, model: Compass 315-
M100), and a commercial atomic force microscope (NT-MDT Ntegra) (sketch of the
setup in Fig. 4-11a). Intensity autocorrelation curves were measured with a Hanbury
Brown and Twiss interferometer setup consisting of 2 avalanche photodiodes (Perkin

Elmer) and a correlator (Picoquant).

The oxidation process was carried out in a tube furnace (Lenton thermal designs) in
air at atmospheric pressure. The sample consisted of diamond nanocrystals dispersed on
a glass coverslip and placed on a metal holder inside the furnace. The furnace
temperature was stabilized before the sample being inserted into the heated region. The
annealing time was measured from the instant the thermocouple mounted in contact with
the metal holder with the same temperature reading as the internal furnace sensor. All

annealing cycles were performed at 600°C.
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1. NDs preparation

To preparation the nanodiamonds (NDs) for optimum deaggregation before size
characterization, NDs were mixed with sulphuric acid (98%, 9 ml) and nitric acid (70%,
1 ml) and then refluxed for 3 days at 70°C. The mixture was centrifuged and
ultrasonicated, then refluxed again with a fresh acid mixture. The nanodiamonds were
washed with distilled water then refluxed with NaOH(0.1 M, 8 ml; 1 h, 90°C), washed,
then refluxed with HC1 (0.1 M, 8 ml). The nanodiamond—acid mixture was washed with
distilled water and ultrasonicated (1 h). The sample was diluted by addition of distilled
(20 ml) and ultracentrifuged (for 1 hour with acceleration of 100,000 g). This procedure
was repeated three times, and the resulting supernatant containing individual diamond
grains was used for all the experiments. After preparation, the NDs were dropped on the
glass cover slip mentioned above and left to dry.
2. Photons antibunching in NDs

The NDs were all treated with a preliminary 2 h heating step at 600°C to
remove the relatively large amount of non-diamond carbon, as well as other impurities
on the sample. The fact that the surface tended to have a high proportion of sp2 was
confirmed in the etch rate measurements: where an increased etch rate was measured in
the early stage of annealing (see Fig. 4.13b). This can be explained by the higher etch
rate of sp2 compared to sp3 carbon [9]. Fig. 4-12 shows the spectra for a NV centre
taken before and after annealing. Before the treatment a broad unstructured fluorescence
ranging from 550 nm to 800 nm was observed, which we attribute to a high graphite

content at the surface of the nanodiamond (spectra is similar to [32], which is attributed
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to surface defects and graphite). After 1h of heating, the spectral features originating
from NV are much more pronounced. Subsequent annealing cycles do not change the

spectra in a noticeable way.
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Fig. 4-12 (a) Normalised spectra of one NV site following the oxidation steps. The black line is the spectra
without air oxidation, and the green one shows the spectra after 1h air oxidation. (b) shows the
corresponding autocorrelation g*(t) curves. Note that the contrast of the antibunching feature increases.

The autocorrelation curve shows in a similar way an increase in the visibility of the
antibunching dip, which means that the background fluorescence level decreased after
the first air oxidation step. This also supports our assertion of the preferential removal
of graphitic and other non-diamond carbon material in the early oxidation stage [9],
after which the etching is almost exclusively of diamond.

3. NDs size measurement

A histogram of the height of individual crystals was acquired from the AFM
measurements after consecutive annealing steps which gave an indication of the average
change in size as a function of anneal time. The height values were obtained by fitting 2-

dimensional Gaussians to individual crystals on the AFM image after subtracting the
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background height offset.
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Fig. 4-13 Size reduction as a function of time of nanodiamonds treated in air at 600°C. (a) Histograms of
the nanodiamond sizes after a specific oxidation time. These distributions are measured consecutively on
the same sample. The solid lines are Gaussian fits to the size distribution. (b) The mean of the size
distributions plotted over time. A linear fit (solid line) indicates an etch rate of 10.6 nm/h.

By fitting Gaussians to the height distributions we are able to infer a “mean” crystal
size after each step. In Fig. 4-13(b) the mean sizes are plotted as a function of time and
fitted with a line to give the average etch rate. Note that the first step from O to 2 h shows
a dramatic reduction in crystal size. As discussed, this is due to the rapid etching of non-
diamond carbon on the surface and this point is excluded from the linear fit made from 2
hour onward at which point the etch rate is constant. The fit indicates an etch rate of
10.6 nm/h and was determined from 7 consecutive oxidation steps, each one lasting 30
min at 600°C. Figure 4.13(a) shows the resulting histograms of nanodiamond sizes for 3
different steps within the heating cycles.

When examining the size reduction behaviour of individual crystals, one can see that

the etch rate varies somewhat. This effect is visible in Fig. 4-14 where 3 nanodiamonds
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were tracked over three air oxidation steps. Two of the crystals shrink consistently in
height, but one stays quite constant around 50 nm. However, the relatively crude
measure of the X and Y cross sections (i.e. the width of the crystal) of this particular
nanodiamond as a function of time does show a reduction. The main reason for this is an

anisotropy in the etch rate for different crystallographic planes/surfaces as already

observed in natural diamond [33] and CVD diamond samples [34].

Fig. 4-14 3-dimensional AFM images of the same nanodiamonds following the oxidation steps. The
crystal at the centre is not experiencing a reduction in height as much as the other 2 crystals.

More interestingly, with our experimental apparatus, we can now study the size of
individual nanodiamond particles hosting NV defects. To do this, we need a confocal
image of the nanodiamonds and a corresponding AFM image of the same region. In
Fig. 4-15 these images were put together for the untreated sample and two oxidation
steps. Not surprisingly one can observe the annihilation of NV defects via air oxidation
as layers of carbon are taken away eventually exposing and removing the NV defects

themselves.
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Fig. 4-15 Confocal and AFM images taken after consecutive oxidation steps. (a) confocal image taken
before oxidation; the numbered circles indicate some of the NV centres we selected for the analysis. (b)
confocal image after annealing the sample in the furnace in air for 2.5 hours at 600°C; the black-numbered
circles indicate NV centres which annihilated. (c) confocal image after annealing the sample in the furnace
for another 2.5 hours at 600°C. The *-numbered diamonds indicate NV centres which were created by the
heating process due to vacancy diffusion to existing N sites. (d) AFM image taken before oxidation; the
circles indicate some of the crystal we selected for the analysis. (¢) AFM image after annealing the sample
in the furnace for 2.5 hours at 600°C. (f) AFM image after annealing the sample in the furnace for another
2.5 hours at 600°C. The insets show the reduction in size for the highlighted crystal. The square box shows
an example of diamond crystals from being clustered together to being isolated.
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With these results we can determine the size distribution of the nanodiamonds hosting
NV centers (see Fig. 4-16 ). Even though the size distribution of the powder used is
specified to be ranging from 0 to 100 nm we can find particles up to 170 nm in height.
This may be due to aggregation of the nanodiamonds. The air oxidation and the resulting
shrinking of the nanodiamonds help to get rid of the aggregates, as shown in Fig. 4-13
the smallest nanodiamond that we observed in this study which still hosted an NV was 8
nm in height. To increase the probability of ending up with even smaller nanodiamonds
containing N'Vs, one needs to increase the starting concentration of available N'Vs,

which can be done by implanting the diamond powder with electrons or ions [16].

15

10 -

No. of Crystals

0-
0 20 40 60 80 100 120 140 160 180

Crystal 5ize {(nm)

Fig. 4-16 Size distribution of the nanodiamonds hosting NV centres.
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CHAPTER V

CONCLUSION AND OUTLOOK

The maximum production yield the NV centers in bulk diamond are found by both
experimental and simulation: implantation at a dose of 10 N/nm? and annealing
temperature beyond 850°C. For best magnetic sensitivity, the optimum dose of
implantation is found to be 0.4 N/nm? with optimum temperature beyond 1000°C. It can
also be concluded that hot irradiation/implantation at 1000°C will lead to better magnetic
sensitivity than room temperature irradiation/implantation followed by 1000°C annealing.
In addition, the enhancement of optical performance and size characterization of NV
centers in nanocrystals via air oxidation at 600°C are demonstrated. In summary, the
recipe for optimum yield of NV centers in bulk diamonds as well as NDs is developed
and discussed.

For future outlook, the NV centers can be produced efficiently with maximum
performance with this recipe for magnetic sensing and magnetic imaging. Hopefully, the
first magnetic sensor capable of detection of neuron activity made of NV centers in

diamond can be achieved within years.
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