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ABSTRACT

SINGLE-PHOTON GENERATION FROM DEFECTS AND
MANIPULATION WITH NANOSTRUCTURES

Single-photon sources are essential components for several applications in the
field of quantum information technologies, such as quantum cryptology and quantum
computation. To this aim, efficient generation and detection of single-photons are the
crucial to be achieved. Among single-photon sources that are extensively studied in the
literature, defect centers in solid are very promising due to their room temperature op-
eration and their stability. The aim of this thesis is to generate single photons at room
temperature and control their optical properties by nanostructures.

Single-photon emission from TMDC:s originates from localized weakly bound ex-
citons at cryogenic temperatures due to their small exciton binding energies. However,
room temperature SP emission from WS, can be obtained by creating WO3 defects. In our
study, room temperature emission from defects in WO3 was investigated. Density func-
tional theory calculations showed that the source of the emission can be oxygen defects.
Additionally, the emission was brightened by plasmonic gold nanoparticles.

Furthermore, defects in two-dimensional (2D) hexagonal boron nitride (hBN) is
offered as an efficient room temperature SPS. HBN is a wide bandgap 2D material,
in which defect centers create discrete energy level to generate single photons. In our
study, reversible single-photon emission control from defects in hBN was demonstrated
by Forster-like resonance energy transfer between the single-photon emitter and a graphene

layer. To this aim an ionic liquid based device structure was used.
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OZET

KUSURLARDAN TEK-FOTON URETIMI VE NANOYAPILARLA
MANIPULASYONU

Tek-foton kaynaklari, kuantum kriptolojisi ve kuantum hesaplama gibi kuantum
bilgi teknolojileri alanindaki ¢esitli uygulamalar icin temel bilesendir. Bu amacla, tek-
fotonlarin verimli bir sekilde iiretilmesi ve tespit edilmesi cok Onemlidir. Literatiirde
yogun olarak incelenen tek-foton kaynaklari arasinda, kati ortamlardaki kusur merkez-
leri, oda sicakligindaki ¢alismalar1 ve stabiliteleri nedeniyle oldukg¢a iimit vericidir. Bu
tezin amaci oda sicakliginda tek-foton iiretmek ve optik 6zelliklerini nanoyapilarla kon-
trol etmektir.

TMDC’lerden lokalize zay1f baglanmig eksitonlardan kaynaklanan tek-foton emisy-
onu diisiik eksiton baglanma enerjileri nedeniyle krayojenik sicakliklarda gézlenir. Bununla
birlikte, WSy den oda sicakliginda tek-foton emisyonu, WOj3 kusurlar1 yaratilarak elde
edilebilir. Calismamizda, WO3’teki kusurlardan oda sicakligr emisyonu incelenmistir.
Yogunluk fonksiyonel teorisi hesaplamalari, emisyon kaynaginin oksijen kusuru olabile-
cegini gostermistir. Ek olarak, emisyon siddeti plazmonik altin nanoparcaciklari ile art-
tirlldigr gosterilmistir.

Ayrica, iki boyutlu altigen bor nitriirdeki (hBN) kusurlar, verimli bir oda sicak-
181 tek-foton kaynagidir. HBN, kusur merkezlerinin tek-foton iiretmek icin kesikli en-
erji seviyesi olusturdugu genis bir bant aralifina sahip bir malzemedir. Calismamizda,
hBN’deki kusurlardan tersinir olarak tek-foton isimasi kontrolii, kaynak ile bir grafen
katman arasindaki Forster benzeri rezonans enerji transferi ile gosterilmistir. Bu amacla

iyonik s1v1 bazli bir cihaz yapisi kullanilmisgtir.
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graphene (black line) is transferred on top. Excitation by a 532 nm CW
laser (green) and the emission (colored) in visible spectrum depend on

the emission wavelength are shown by arrows. (b) A single defect is il-
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Figure 6.2.

Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure 6.6.

Figure 6.7.

Figure 6.8.

Figure 6.9.

lustrated as a three-level system. The non-radiative energy transfer rate

is krgr. The band structure of graphene near the K point is seen with

Fermi level, Er. ..o

(a) Optical microscope image (left) and the PL map of the same bulk
hBN with a bright and localized emission from a single defect (right).

(b) Room temperature PL spectra of the defect shown in the map before

(black) and after (red) graphene transfer. .................................

The relation between excitation polarization and emission intensity

of defect center with before (black) and after (red) graphene transfer

shows linearly polarized emissSion. ...............ccooiviiiiiiiiiinana....

Excitation power dependent of ZPL and the Silicon Raman peak in-

tensities extracted from the same spectra before (black) and after (red)

graphene transfer for the same defect. .................. ... ...

To identify the single photon character of the emission observed at
610 nm from a localized point in the hBN the second order photon
correlation experiment was performed by HBT setup. (a) The extracted
excited state and metastable state lifetimes from the fit are on the order
of 1.65 ns and 1.55 ps. (b) The antibunching dip is seen and it is below
the value of 0.5 which is the threshold value to identify a single photon

1S 1011 11~) S

Bare, one layer, two layer and three layer graphene transferred onto

hBN flake are given respectively. Red dots show the (laser beam) defect

center position on the flake. .............. .. ...

A single photon emission at 697 nm is seen from bottom to up bare,
one layer, two layer and three layer graphene transferred onto emitter
are shown. On the left raw spectra and on the right intensity corrected
in terms of Si Raman peak spectra are shown. The orange lines belong
to fit curves of the peaks. The calculated FWHM, intensity and shift

values are also given in each spectrum. The black arrows show the

QUENCHING TALES. ...ttt ettt et

A SP emission at 697 nm is corrected by normalizing the Si Raman

signal intensity. The inset shows the normalized intensity variation of

the emission with respect to the layer number of graphene. .............

A single photon emission at 740 nm is seen from bottom to up bare,
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Figure

one layer, two layer and three layer graphene transferred onto emitter
cases are shown. They are corrected with respect to Si Raman signals.
On the left the spectra are plotted linearly normalized. On the right the
spectra are plotted logarithmically normalized. The orange lines belong
to fit curves of the peaks. The calculated FWHM, intensity and shift
values are also given in each spectrum. The orange arrows show the

quenching percentages. To see clearly the energy difference between

PSB and ZPL center, the ZPL center plotted on zero in purpose. ......

Figure 6.10. (a) A SP emission at 656 nm (D656) next to the Silicon Raman peak

at 654.6 nm and its quenching after each graphene layer transfer are
observed with 600 gr/mm grating. (b) The PL spectra of D656 are
shown by 150 gr/mm with G and 2D bands of graphene. (c) Quenching
of another defect emitting at 653 nm (D653) is shown. (d) Quenching

rate of both defects as a function of graphene layer. .....................

Figure 6.11. (a) Excitation power dependent ¢(?(7) for the ZPL at 610 nm after

graphene layer transfer. (b) The parameters calculated from ¢ (7) fits,

a, 71 and To R . . SRR . A 0 0 o TR . W

Figure 6.12. Schematic representation of the de-shelving model with higher lying

states from the excited States. .......entnttt e

Figure 6.13. (a) The constant rate model and (b) de-shelving model rate equations

are used to fit experimental power series of before and after graphene

COUPIINE .ottt e

Figure 6.14. (a) Optical microscopy image of the hBN flake cluster. (b) excitation

polarization versus emission intensity (c) PL spectra of before (black)
and after (red) graphene transfer show emission quenching. (d) Excita-
tion power versus emission intensity. (e) Lifetime measured at 50 MHz
frequency. Black dots are the experimental statistics of before graphene

and the line is one order fit. The red dots belong to after graphene statis-

15 (1 T

Figure 6.15. (a) Excitation power versus emission intensity. (b) PL spectra of be-

fore (black line), after one layer graphene transfer (red line) and after
a second layer graphene (blue line) transfer. (c) Lifetime measured at
50 MHz frequency. Black dots are the experimental statistics of before

graphene and the line is one order fit. The red dots belong to after 1
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layer graphene statistics and the blue dots refer to after a second layer

graphene transfer. ...

Figure 6.16. Energy band diagrams of the pristine, n-doped and p-doped graphene

with their Fermi levels. ...

Figure 6.17.(a) Schematic representation of the Fermi level shifting of graphene by
gate voltage and energy transfer restriction. (b-c) Schematic represen-

tation of the designed device for reversible fluorescence quenching of

SPE. (d) The used device in the experiments. ............................

Figure 6.18. The background effect of ionic liquid. The left panel includes the Ra-
man spectra of Si substrate, solution 1 (Sol01)/Si and glass/(Sol01)/Si.

The right panel shows the background of another solution (Sol03). ....

Figure 6.19. (a) After three layer graphene (3 L GR) are placed on hBN individu-
ally, PL intensity variation of the SP emission at 725 nm with respect
to gate voltages are shown. (b) The effect of alteration of the gate volt-

age on PL intensity of ZPL at 725 nm. (c) The excitation polarization

dependent ZPL emission intensity under 1.4 V gate voltage. ...........
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CHAPTER 1

INTRODUCTION

Single photon (SP) sources are important for various practical applications such as
quantum information processing, quantum computers, quantum communication, metrol-
ogy, and medical applications (Nielsen (2000)). In principle, any single stable quantum
system such as an isolated atom or a molecule can be regarded as a SP source. However,
in practice, to achieve such an isolation is very hard to or sometimes impossible. For that
matter, usually, point defects in solid materials such as diamond, ZnO, and SiC have been
extensively used and studied as SP sources (Kurtsiefer et al. (2000); Neitzke et al. (2015);
Gordon et al. (2013)). The best traditional SP sources are nitrogen vacancies in diamond
(NV centers). Even though NV center in diamond is extensively researched and used it
has several drawbacks such as; room temperature luminescence is very weak, diamond is
very expensive and it is hard to control its properties. Research on other materials such
as ZnO and SiC is very active. However, SP luminescence spectra from defects of these
materials are very broad and not very stable (Choi et al. (2014)).

To achieve more stable and intense luminescence at room temperature (RT) alter-
native SP sources are under intense investigation. Recently, most commonly studied al-
ternative materials are transition metal dichalcogenides (TMDCs) with layered structures
(Tran et al. (2017)), lead halide perovskite quantum dots (PQDs) (Utzat et al. (2019)),
graphene quantum dots (Zhao et al. (2018)), gallium nitride (GaN) (Berhane et al. (2018)),
and hexagonal boron nitride (hBN) (Tran et al. (2015)). In such materials, the origin of
the emission over a wide temperature range (from cryogenic to RT) generally results from
discrete energy levels of the defect (color) centers (point defects) within the band gap of
a host material (Wong et al. (2015)). Therefore, the emission can be observed in a very
broad spectral range from the ultraviolet to the visible spectral region (Tran et al. (2016)).

Two dimensional (2D) materials, on the other hand, offer a fascinating platform
for quantum-optic researches. Internal reflections of photons from a SP emitter embed-
ded in a monolayer are suppressed more than those from an SP emitter in a bulk material,
which leads to better light yield efficiency than those in a bulk material. Another advan-
tage of SP sources in 2D materials is their ability to couple with plasmonic structures and
cavities which leads to enhanced or quenched luminescence, thus, providing a control

mechanism for the intensity of SP emission. The thickness of the host has a remarkable



importance for the applications based on the coupling to plasmonic tips (such as that of an
atomic force microscope) or to plasmonic gap cavities, which requires nanometre-scale
proximity. Such a coupling is usually quite difficult for SP emitters in bulk crystals due
to their thicknesses being much more than tens of nanometers.

The most investigated SP emitting 2D materials are TMDCs such as MoSe,,
MoS,, WSe, and WS,, which are widely studied for use in many optoelectronic applica-
tions (Srivastava et al. (2015)). TMDCs have unique band structure features. For example,
the conduction and valence band edges of monolayered crystals are located at the K points
(K valley) in their hexagonal Brilloin zone (Dong et al. (2017)). Spin-orbit coupling splits
the valence band electrons with different spins into two subbands (spin up and spin down
bands) which leads to spin dependent selection rules for transitions between conduction
and valence bands. In addition, the ability to observe strong Zeeman shifts is important
in potential photon indistinguishability applications (Aharonovich et al. (2016)). The SP
emission in monolayered TMDC:s originates from localized (Frenkel), weakly bound ex-
citons (Tonndorf et al. (2015)). To increase the stability of the emission, excitons can be
trapped into potential wells by vacancy defects, impurity atoms, or local stresses (Raj and
Tripathi (2019); Rosenberger et al. (2019)). However, SP emission in these materials can
only be observed at very low temperatures due to their small exciton binding energies.
This problem greatly restricts their practical applications (Aharonovich et al. (2016)). For
that reason, current research activities on these materials are mainly focused on obtaining
SP emission at higher temperatures, possibly at RT. In a recent study, for example, it was
reported that interaction of TMDCs with plasmonic nano-cavities leads to SP emission at
160 K (Luo et al. (2019)). Another method of obtaining SP emission at high tempera-
tures, as high as RT, is based on creating covalently bound oxygen or sp® defects in a host
material such as carbon nanotubes (He et al. (2017); Ma et al. (2015)). In a more recent
study, using this approach (i.e. introducing oxygen defects), SP emission at RT was ob-
served from WO; defects which occurred after thermal annealing of a WS, host (which
is a TMDC material) (Tran et al. (2017)). Hence, for the first time a TMDC material was
shown to exhibit SP emission at RT.

In this study, defects in WO3 were investigated as room temperature SP sources.
Inhomogeneous spectral distribution can be controlled by annealing of the materials. In
addition to that multi-photon emission can be reduced in the same way. Efficient and
stable luminescence at RT was obtained from localized single defect centers of annealed
WOs;. Then, the structural and optical characteristics of observed localized emission from

WOj;. were explained. We carried out a density functional theory (DFT) based first princi-



ple computational approach to understand the nature of such a SP center. We tried oxygen
vacancies as the most possible cause for such a defect since its formation is energetically
probable. We calculated the energy states for oxygen vacancies in a host WO3 material
yielding localized states in the band gap with energy levels consistent with the observed
photoluminescence (PL) energies from annealed WO3 samples.

Furthermore, to increase the brightness of the emissions at RT we introduced gold
nanoparticles as plasmonic resonators which exhibit weak coupling with the individual
color centers at distances of a few nanometers (Nguyen et al. (2018); Iff et al. (2018);
Hoang et al. (2016)). After introduce gold nano particles near WO3 samples (usually
in the form of flakes), emission intensity enhancement, as much as 5 times, was clearly
observed. These results are promising for future applications of SP emitters in WOs;
for both TMDC hosts in terms of integrated nanophotonics and plasmonic devices. Our
results contribute to the understanding of the nature of defects as room temperature SP
emitters in WOs.

Among the stable 2D materials, hBN has attracted a great deal of attention as a
room temperature SP source (Tran et al. (2015, 2016)). It is a wide band gap (5.9 eV)
insulator. Recent studies show that hBN is a very promising candidate for quantum infor-
mation technologies, medical applications, quantum communication, and optoelectronic
applications. Localized defect centers in hBN have discrete energy states in the band gap,
very much like atomic energy levels, hence, emit SPs. Its wide bandgap allows the emis-
sions distributed across a large energy range exceeding 500 meV (Museur et al. (2008)).
SP emission from bulk hBN is observed from optically active defect centers without any
pretreatment (Martinez et al. (2016)). Thus, potential applications of SP emission from
hBN has attracted many researches. For example, research on the application of hBN as
a SP source to the field of quantum key distribution begun only very recently, in 2016.
A major disadvantage of a 2D materal, such as hBN, as a SP source is that the emitters
are exposed to the environment conditions and are easily affected by them which deteri-
orate device performance over time. Hence such materials are need to be covered with
protecting transparent layers.

In this thesis, reversible fluorescence quenching of SP emission in hBN at RT has
been studied. Firstly, SP emission from some defects in hBN was investigated. Then,
a single layer graphene was placed on hBN at a near field distance to the SP emitters.
The analyses of optical characteristics of particular SP emitters before and after graphene
transfer were carried out in detail. Forster-like resonance energy transfer between a par-

ticular SP emitter and the graphene layer were investigated in terms of the number of



coupled graphene layers. Furthermore, reversible modulation of the SP emission quench-
ing by an applied gate voltage was demonstrated by a custom designed ionic liquid-based
device structure.

The thesis is structured as follows. Chapter 2 is devoted to the theoretical back-
ground of light-matter interaction which includes the characteristics of SP emission from
defects. In Chapter 3, experimental techniques and methods used in this thesis were
described in detailed. In Chapter 4, the structural and spectroscopic properties of the ma-
terials used in this study were investigated. Chapter 5 gives the analyses and results of
optical characterizations of room temperature SP emission from the defects in WO3 which
were further investigated by theoretical calculations. Brightness enhancement results due
to plasmonic gold nano particles are also given. In Chapter 6, SP emission from defects in
hBN was investigated in detail with a theoretical background. After that, energy transfer
mechanism between an emitter in hBN and graphene was studied. Finally, a reversible
on-off control mechanism via a gate voltage was shown for the emission from a SP source

using a device structure. Chapter 7, summarizes the results of our studies.



CHAPTER 2

THEORETICAL BACKGROUND OF LIGHT-MATTER
INTERACTION

In this chapter, a brief introduction is given about the theoretical background of
photon statistics and light-matter interaction on the basis of a simple two-level system
with an extension to a three-level systems. Absorption-emission processes and photolu-
minescence characteristics of defects are explained. Furthermore, interaction of a single
photon source with various nanostructures are examined. Fluorescence brightening by
plasmonic nanoparticles and quenching by Forster Resonance Energy Transfer (FRET)
mechanism are discussed. The results of the fluorescence experiments carried out in this

thesis could be analyzed in the light of this background.

2.1. Statistical Classification of Light

Most light sources show fluctuations in the intensity and phase of the emitted light.
Due to nature of sources such fluctuations are almost impossible to avoid. The most stable
beam of light with a constant intensity is perfectly coherent. Such a beam of light has light
waves whose electric field E can be expressed in terms of a single sine function with a
definite angular frequency w and a wave vector k in the direction of propagation with a

constant amplitude Ey as
E(z,t) = Egsin(kz — wt + ¢) 2.1)

for a light wave propagating along x direction only, where ¢ is a constant phase (depend-
ing on initial conditions). According to classical electromagnetic theory, intensity of light
(1) is proportional to the square of the time averaged electric field. Classical expression

of electric field of light can be given as

E(Ft) = / Ey (7, t)dk, 2.2)



the sum (integral) of all possible monochromatic components containing all possible fre-
quencies (Jackson (1998)).

Bu(Ft) = Eze—wktﬂl?r*_'_ Ekeiwkt_iE'F’ (2.3)

where k indicates a particular mode (monochromatic component) corresponding to a par-
ticular wave vector k whose amplitude is inversely proportional to the wavelength A of
that mode (k = 27 /\). In quantum mechanics, however, light intensity is proportional to
photon flux, i.e. the number of photons, per given area with a definite photon energy of
hw. In quantum electrodynamics, the proper account of light interaction with matter (es-
pecially with electrons of atoms) require the quantization of electric and magnetic fields
of light (photons). Since electric and magnetic fields behave similarly we will consider
the electric field only. The generalized quantized electric (electromagnetic) field operator
is expressed as the following (Paul (1982); Wysin (2011)):

B 1) = / Bi(7, )dE. (2.4)

The constituent field operators in the momentum space (k-space) are expressed in the

symmetrical form as
Eu(7Ft) = E, +E,, (2.5)
where the positive (4) and negative (—) field operators are given as

~+ o hw o
B, = iy WV £ ep(ape st HiRT), (2.6)

S 2 hw ) =
E, = —i WV £ (@] etk 2.7)

respectively. Here @ and a' are photon annihilation and creation operators (Paul (1982);
Wysin (2011)). In the following parts of this thesis, for single mode electromagnetic field

the mode label k£ will be omitted. For a photon state |n) the following well known eigen



equations hold for field quantization:

aln) = +aln—1), (2.8)

a'ln) = Vn+1ln+1), 2.9)

where all elements of the bases |n) forms a complete set. One can easily show that
a'aln) = n, hence a'a is called the number operator.

For a perfectly coherent light, flux should be time independent with no fluctua-
tions. That means the average number of photons emitted from a coherent source in a
time interval A¢ must be time independent provided At is much longer than life times
of excited states of light emitting sources. In practice, such a perfectly coherent beam of
light with no intensity fluctuations can be approximated by a monochromatic laser field.
In reality, one can not expect the same number of photons for any given time interval At
even from the most stable light source. There will always be fluctuations in the number n
of the photons reaching a detector from a coherent light source for a duration longer than
life times of sources, but not too long. The probability of counting n photon from such a

source for a definite time interval is given in terms of Poisson distribution (Fox (2006)):

Pp(n) = —e 7, (2.10)

where 7 is the average photon count. Thus, the photon counting obeys Poisson statistics
with a standard deviation An (An = v/n).

Furthermore, there are other classical light sources that has larger intensity fluc-
tuations in time and resulting larger photon number fluctuations than constant intensity
sources. The most known form of these sources is thermal light. Statistics of such photons
are called super-Poissonian (An > v/72) and the probability function for a single mode of

this kind of field which follows Bose-Einstein distribution, is given as (Fox (2006))
Ppg(n) = (2.11)

Finally, a third possibility exist where intensity or photon number fluctuations in

time may be smaller than that for a perfectly coherent light, that is; An < \/f. Obviously,



this type of light is more stable than coherent light. A single photon source is a good
example for such a light source since such a source, under a continuous excitation (such
as due to irradiation), will emit a stream of photons with a well defined time interval
between consecutively emitted photons defined by the life times of the excited states of
the source. The statistics of light from such a source obeys the so called sub-Poissonian
statistics. The nature of sub-Poissonian light is completely quantum electrodynamical
rather than classical. As expected, the detection of this kind of light is very difficult due
to extremely weak intensities that are suppressed by optical losses. Thus, the observation
of single photons became possible only after the development of single photon sensors

such as photomultiplier counters and avalanche photon diodes (APD).

2.2. Correlation Functions

In order to explain the properties of the measured photon counting statistics for
coherent light in the classical perspective, correlation functions are defined. The quantum

mechanical definition for the coherence function of order n is (Benson (2009))

G(n) (rlth rntna rn+1tn+17 -'~r2nt2n)

= <E7 (r1t1>...E7 (rntn)E+(rn+1tn+1)...E*(r2nt2n)>, (212)

where (...) indicates the time average, n being the number of sources. We can see that
spacial and temporal positions of strongly correlated electric fields will be very close
to each other within a given temporal or spacial period. To obtain the coherence time
and length of radiation from a single source in classical terms the normalized first order

correlation function can be used.

2.2.1. First Order Correlation Function

The simplest case of first order coherence is observed, for example, from a Young’s
Double Slit experiment. In the classical case, the electric field £ () and Ey(t+7) of light
waves coming from two coherent sources 1 and 2 are superpositioned and the net intensity
I is proportional to the square of the net field vector where the averages are taken over a

period and in terms of photons these equations represent photon fluxes:



I o< {|E{()+Es(t + 7))
= (|EL(t)*) + (|Eo(t + 7)[%) + 2Re(Ey (t) Ea(t + 7). (2.13)

The last term in this equation indicates a first order correlation between the electric fields
from the sources 1 and 2 with time dilations of ¢ and ¢ + 7 between them, respectively,
(where the phase difference is due to 7 only). The first order correlation function is defined

as the normalized first order coherence function:

(By(t) Bt + 7))

O(r) = =
LT AT

(2.14)

Quantum mechanical expression for the first order correlation function at the same space

position is given as

(B (ET(t+7))

gV (1) = —— = -
VIE-(OET(E-(t+T7)Et(t+71))

(2.15)

In terms of creation and annihilation operators for a single mode coherent light (such as

laser light) one can show that above equation becomes:

(af (Dalt + 7))

W (7) —
g-(7) ata)

(2.16)

In a Young’s Double Slit experiment, one can define whether light source is monochro-
matic or not. One can also determine the coherence length. However, the statistical
properties of photons cannot be understood from such an experiment. In other words,
first order correlation experiments cannot distinguish between the states of light with the
same spectral distribution but different photon number distribution. For example, the field

intensity of a single photon state and a coherent state with 7 = 1 are the same.

2.2.2. Second Order Correlation Function

To distinguish photon statistics and define the single photon character first order

correlation function is not sufficient. To study states having the same spectral distribu-



tion but with different photon statistics one needs to consider the second order coherence
function. The normalized second order correlation function, g (7), gives the probability
of detecting a second photon at a time ¢ + 7 after detecting a first photon at an earlier time

t at a common space position r (Fox (2006)):

(E=(O)E~(t+7)ET(t+7)ET(t)  (I(t+7)I(t))

(E-()E+ (D) RO 17

g?(r) =

It is obvious that the second order correlation function gives the intensity cor-
relation of two different sources instead of electric field correlation. Since intensity is
proportional to photon number flux, this function is clearly related to photon statistics.
Since photon statistics of a single photon source is different from the others, hence, we
clearly need to use the second order correlation function to understand the statistics of

such a source.

Table 2.1. Characteristic properties of the second order correlation function at zero
or any delay time value, g‘® (), with respect to statistical classification of

light.

Light Source Property Comments

@)

. g9 (0)>1 Bunched
Classical g(z)(O) > g(2) (7) | (thermal light)
No bunchin

@2)(0) = g
Perfectly Coherent | ¢'¥(0) = 1 (laser light)
Non-classical g (0) < 1 Anti-bunched

on-classica g?(0) < g@(7) | (single photon source)

In the quantum field theory perspective, properties of photon statistics are better
understood when one uses photon annihilation (@) and creation (a') operators instead
of field operators £~ and E* (Loudon (2000)). For a single mode electric field, using

equations (2.6) and (2.7) second order correlation function becomes:

@)l (¢ + T)alt + 7)a()
@ (Dalt))? | (18)

In the zero time delay (7 = 0) case, for a classical field, considering the random-

ness of the classical field the function can be bounded by the Cauchy-Schwarz inequality

10



as following (Gerry and Knight (2004)):
(I(1)* < (1)) = ¢?(0) > 1. (2.19)
In the case of a general time delay (7), one can show that
(IOIE+7)) < (I(t)? (2.20)
which means
9(2)(7) < 9(2)(0)‘ (2.21)

These results mean that, if a light source has a time varying (time dependent) intensity;
when a photon at ¢ = 0 was detected, the probability of detecting another photon in a
duration at an earlier time is greater than that for the same duration but at a later time. As
a result, one observers more number of photons within the first time interval (7) compared
to later time intervals of the same duration. Thus, ¢‘®(0) > 1 is called bunched light. In
this case, we expect ¢'?(7) decrease with (7) which will reach unity for very large (7)
values.

On the other hand, consider a light source that has a constant (time indepen-
dent) intensity. If there is no intensity fluctuations, light source is perfectly coherent and
monochromatic. In this case, it is clear that, for a zero delay time or a general time delay,
g? (1) will be equal to unity. This means that the probability of detecting of a photon
is the same for all values of delay time, 7, regardless of any previous emission. Such a
probabilistic event is a general property of the Poissonian statistics. In other words, for
a perfectly coherent light, time intervals between consecutively emitted photons from the
same light source is random. A coherent state is defined by eigenfunction of the photon
annihilation operator, |«) (Gerry and Knight (2004)). In that case time characteristic of

the second order correlation function can be expressed as following:

alatataale) ot

92(0) = ¢ (1) = < =1. (2.22)

(alatala)? — faft

11
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Figure 2.1. Statistical difference among light sources. (a) An example of bunched
light with (b) its g® (1) = 2. (c) An example of coherent light with (d) its
g (1) = 1. (e) An example of antibunched light with (f) its ¢‘® (1) = 0.
For all types of light sources ¢(® (7 — o) = 1.

For a sub-Poissonian light, whereas, the eigen states are photon number states
(Fock states) |n). Thus, one can find the second order correlation function with no time

delay as

/\‘i‘/\'i'/\/\
@) - (nla'dlaaln) 1 29
970 = T aTam)? ) @23

(Gerry and Knight (2004)). It is seen that ¢‘* (0) < 1 for any number state, in particular
g®(0) = 0 for a single photon state |1) since @|n) = c[n — 1) = ¢|0) = 0. In general,
fluctuations in the character of a source obeying sub-Poissonian statistics may cause an
increased number of photon counts in the shorter time durations. Then, for a nonclassical

light source the following inequality holds:

1
_ e
e (0) < 1. (2.24)
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For a single photon source, ¢'® (0) = 0 means that there will be longer time intervals be-
tween each observed photon counting events. In this case, the probability of detection of a
second photon after detecting the first one is smaller for smaller values of 7 and increases
up to unity with time. This, g (7) > ¢®(0), type of light is called antibunched light.
This light is incompatible with Eq.(2.19) and (2.20) hence, it has no classical counterpart,
in other words, it is purely due to the quantum nature of light (Kimble et al. (1977)).
According to the type of light, the value of ¢'® (1) varies ¢ (7) < 1, ¢®?(7) = 1 and
g® (1) > 1 for antibunched, coherent and classical (bunched) light, respectively. This is
shown in Fig.2.1.

As we discussed earlier, for a perfect single photon source, n = 1 and the second-
order correlation function is ¢'® (7 = 0) = 0. Thus, for an ideal single photon the proba-
bility to detect two photons at the same time is zero. After a certain time delay the photon
is emitted and than the system can be re-excited to emit a second photon. In particular, for
a two state system the excited sate corresponds to n = 2. In that case ¢® (7 = 0) = 0.5.

In general, the source is either in the ground state or in the excited state, one can say

0<gP(r=0)<05. (2.25)

2.2.3. The Hanbury Brown-Twiss Experiment

An experimental method to measure the second order correlation function ¢(* (7)
for a single photon source employs an intensity interferometer. Such an interferometer
was first used by R. Hanbury Brown and R. Q. Twiss in 1954 (Brown and Twiss (1954))
to measure the angular diameter of radio stars. A schematic diagram of a Hanbury Brown
and Twiss (HBT) interferometer is given in Fig.2.2. In that setup, light from a common
source splits into a reflected and a transmitted beams via a beam splitter. Then, both light
beams are detected at the same distance r from the beam splitter. Thus, correlation in such
a setup will only be measured in terms of fluctuations in time between the two beams.

The photon antibunching using an HBT interferometer set up was exhibited for
the first time in 1977 (Kimble et al. (1977)). Upon impinging on a 50:50 beam splitter
(BS) incident light beam splits into two parts; reflected and transmitted beams with equal
intensities. To detect the intensity correlation in time, two photon counting detectors

D1 and D2 detecting the photons in the transmitted and reflected beams, respectively,

13



Figure 2.2. The schematic representation of Hanbury-Brown-Twiss interferometer
setup. Sides 1 and 2 are for incoming photons to beam splitter (BS) while
site 3 and 4 are for the outgoing ones. The corresponding photon annihila-
tion operators are given where D1 and D2 are detectors.

are placed at equal distances from the BS. These detected counts are multiplied by one
another in a time correlator. The integrated value of the product in a sufficiently long
time period gives the measured intensity fluctuation. In the classical approach we can
write down the electric fields for the reflected (F),) and transmitted (£;) as a fraction for
incoming field Ey: Thus: F; = T'E, and for the reflected one: F, = RE).

In quantum mechanical approach, since the second order correlation function for
a light source is defined in terms of annihilation (@) and creation (a') operators, we must
express the transmitted and reflected electric field operators as such. Since BS transmits a
portion 7" (transmission coefficient) of the original field and reflects a portion R (reflection
coefficient), the same is true for the corresponding creation and annihilation operators for
transmitted and reflected light fields. However, in the quantum mechanical view one
must include a zero state incoming field (null field) on the side 2 of the BS in order to
account for the proper vacuum fluctuations. Thus, the following equations must hold for
annihilation operators corresponding to the transmitted (index 3) and reflected (index 4)

photons:

a3 = Ta, + Rao, (2.26)
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In general the complex numbers R and 7' can be frequency dependent. Usually, beam
splitters do not absorb any photon. Thus, energy conservation for the photons must hold.

For a monochromatic light source, then, the following relations can be written:

IRI> +|T)* = 1, (2.28)

RT* +R'T = 0. (2.29)

As shown in Fig.2.2, the incoming field state, |¢), is defined by the index 1, the other
input side; by the index 2. The total incoming light is |¢)|0) where the number zero in the
ket notation means no photon. Using equations (2.26) and (2.27) the output mean photon

numbers are

(n3) = (0|{plasas|e)|0)
— (0|(¢||R[*ala, + R*Tala, + T Raka, + |T|?akas|p)]0)
= [R[*(n1), (2.30)

(ng) = |T|*(n1), (2.31)

where first equation gives the total number of photons detected by D1 while the other is
that detected by D2 for a long enough time. The mean input photon number 7, is given

as

(n1) = (plalaap). (2.32)

Then, the measured intensity correlation for the reflected and transmitted photons can be
found in terms of the mean value of the product of output photon number operators ng
(for transmitted light) and n, (for reflected light). Using [a,a'] = aa’ — a'a = 1, and
energy conservation relations (equations (2.28-31)), this correlation can be obtained as
the following (Chunlang (2007)):
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(n3ng) = RRTT(p|alaraal]p) + R* TR T{p|alas|p)
= |R|2|T|2<90|&1d1&1&1 - d1d1|90>
= |RP*|T*(plalalaian|p). (2.33)

Finally, combining Eq.(2.30), (2.31) and (2.33) the normalized second order correlation

function can be written as

g@)(r) = Amama)__ (@ — (). 2.34)

As clearly seen, measuring the detected counts by two different detector in HBT setup
and multiplying by one another in a time correlator we can measure the second order
correlation function of the incoming light.

In an HBT experiment, if the fluorescence source is a true single photon source,
only one detector can record a signal at any time ¢. The second order correlation function
refers to the probability that two detectors measure more than one photon at the same time.
For a single photon source this probability must be equal to zero. One of the detectors,
D1, detect a photon at time ¢, the other detector, D2, detect another photon at time ¢,, and
the time difference between the two closest detection times is At = ¢; — ¢35 = 7. Thus, 7
will be zero if the probability of detecting two photon at the same time is zero. The HBT
time correlation experiment must be carried out over a time period which should be long
enough to obtain a time correlation histogram. Considering that a single photon source
will emit a single photon in a natural life time, such a duration must span many life times

of the source. The experimental description of ¢(® (7) can be given as

N,(t)
@ ()= 7 2
g'7(7) T A (T (2.35)

where N.(t) is the number of count coincidences, I3 and I, are intensities (average num-
ber of photons per unit time interval of the measurement) of the detected signal from paths
3 and 4, respectively (Fig.2.2). The time resolution is At and 7T’ is the total time period of
the signal detection in HBT experiment. To sum up, the second order correlation function
is measured by HBT experiment consisting the setup a beam splitter, two SP sensitive

detectors and a time correlator.
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2.3. Interaction of light with a Defect Center: Two-Level Model

In this thesis, defect centers in the WS,, WOs3, and hBN host materials have been
studied as single photon sources. We will now characterize the statistical properties of
single photon emitted from such defects along with the related second order correlation
functions. The simplest case of a single photon emitter is given by a two level model. In
such a system, there are two states only, that are; a ground state |g) and an excited state |e)
with corresponding energy eigenvalues I/, and F., respectively. A schematic represen-
tation of the non-resonantly driven model, when a single mode classical electromagnetic
field interacts with the system, is shown in Fig. 2.3. The emitter is excited by an electric
field with a frequency w; and a fluorescent light with a frequency w is generated, Usually,
w; > w, and extra energy of the excited system is lost via a vibrational relaxation process
reducing it down to energy F.. Then, the excited system emits a photon with energy hw

equal to the energy difference between the excited and the ground states.

lg)

Figure 2.3. Schematic representation of interaction between a two-level system and a
classical single mode electromagnetic field.

In quantum perspective, Hamiltonian operator of the two-level system is given as

(MIT OpenCourseWare (2006))

Hy = E.|g)(e| + E,le)(q]. (2.36)

The raising operator, o, = |e)(g|, generates a transition from the ground to the excited
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state and lowering operator, 6| = |g){e/, transition from the excited state to the ground
state. Both are non-Hermitian operators. In physical terms, after interaction with the
excitation laser the system in the ground state (]g)) absorbs one photon and excited into
an internal energy level (usually vibronic) in the excited state, where it quickly relaxes to
the lowest energy level in the excited state |e). The system then decays to the ground state
by spontaneous emission of a single photon (the average time the system spends in the
excited state is called the life time of that state). Such excitation and emission transitions
can be understood in terms of an electric dipole transition in the first order approximation
for the disturbed medium atoms. (that is; when the electric field of the incident light is
reasonable weak, or in the case of point defects, the wavelength of the field is much longer
than the size of the emitter, the change in the total energy (Hamiltonian) of the system is
linearly proportional to the disturbing field, (higher order terms in electric field can be
ignored)). Thus, the total Hamiltonian of the system can be written as the sum of the
Hamiltonian of the two level system and an interaction Hamiltonian (Gerry and Knight

(2004)):
H=H,+H;. (2.37)

The interaction Hamiltonian in the (electric) dipole approximation is (Gerry and Knight

(2004)):

~

Hy=—d- E(i,t), (2.38)

where Eis the (electric) dipole moment operator and E (24, 1) is the electric field operator
(MIT OpenCourseWare (2006)). Since the transition is either from ground state to excited
state (ge) or vice versa (eg) both absorption (ge) and emission (eg) must be accounted
for. Thus dipole oprator includes both transitions as following (MIT OpenCourseWare

(20006)):
d = dylg)e] + dyle)ql, (2.39)

where d;, and d;e are corresponding classical electric dipole moments. The electric field

operator can also be cast into a more symmetric form:
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~ 1 o .
E@at) = 5(Bee™'6,+ Eje g, (2.40)

p

where €, is polarization vector of the monochromatic electromagnetic wave.

Due to interaction with light the atomic states are not in pure quantum mechanical
states. This means that interaction picture (Heisenberg’s matrix mechanics) is more suit-
able for such systems. In particular, the second order correlation function can be obtained
via the matrix algebra of quantum mechanics. In that case, the equation of motion of a
system is expressed in terms of a density operator p which includes a mixture of quantum

states. For N dimensional Hilbert space of state vectors |¢;) it is given as

N
ﬁzz i@ @i, (2.41)

where p; are probabilities for each state j. For a two state system, density matrix elements
can be solved numerically under its most general conditions. In the matrix formalism
of the density operator, the diagonal elements are populations of the excited and ground
states, poo and pq1, respectively. To simplify the notations, the excited state and the ground
state populations will be described by p, and p;, respectively, while the off-diagonal ele-
ments (p12 and p;) represent the coherence. The time evolution of the density matrix can
be described in the interaction picture by following master equation in the Lindblad form

(Yamamoto and Imamoglu (1999)):

= A7) + L), (242)

<)
I

where L(p includes the sum of all possible transition operators of the system. In fact,
Eq.(2.42) is a generalization to Heisenberg’s equation of motion in the interaction picture
when the system is disturbed by environmental variables, here in our case, the exciting
light. The dynamics of such a system can be understood from the solutions of Eq.(2.42)
and carried out. The solutions give a set of coupled differential equations (See page
243 in the book "Introductory Quantum Optics" by Gerry and Knight (2004)) that are
the Bloch equations first obtained for the magnetic resonance. The solutions of these
equations give the populations and coherence for an idealized two-level system. The

excited state population can be easily solved by considering the initial conditions, p;(t =
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0) = 1,pa(t = 0) = 0,p21(t = 0) = 0, p12(t = 0) = 0, meaning the emitter is in the
ground state initially. The second order correlation function is defined by (Kurtsiefer et al.
(2000))

(2) _ p2(7)
g (T)_—pQ(T S o0 (2.43)

which is the possibility of detecting a photon emitted from a single source is directly
proportional to the excited state population normalized by its steady state value.

One can now calculate ¢(?) (1) from Eq.(2.43) where the population density matrix
elements are found from matrix algebraic approach in the Heisenberg formalism using
Bloch equations. However, such calculations are lengthy and complicated. On the other
hand, in the case of slowly varying weak fields, classical rate equations can produce the
same results as those found from Bloch equations (Kimble et al. (1986)). Accordingly, in
the interaction process as described by Fig.2.3, the relaxation time from higher levels to
excited state |e) is very short and negligible. For a two level system of states 1 (ground
state |g)) and state 2 (excited state |e)), the change of the population of the state 1 and
state 2 depends on the populations of the sates 1 and 2 in the following manner (Novotny
and Hecht (2006)):

d
% = —kuapr + koo, (2.44)
d
% kiap1 — ko p. (2.45)

In Eq.(2.44), k15 is the excitation or pump rate (absorption rate) coefficient from state 1
to state 2 and ko; is the decay (emission) rate from state 2 to state 1. Thus, Eq.(2.44)
gives the change in the population of the state 1 in terms of excitation to state 2 (which
decreases the state 1 population) and a transition from state 2 to state 1 (2nd term in
Eq.(2.44) which increases the population of state 1. The rate equation (Eq.(2.45)) for the
state 2 is interpreted likewise. The sum of the population densities of states 1 and 2 is
now conserved; p; + p2 = 1. This immediately implies that; p; + po = 0. Under these
conditions the differential equations can be solved to obtain the excited state population.
In particular, in the long time limit the population density of the excited state is found to
be (Novotny and Hecht (2006))
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k12

—_ 2.46)
k1o + koy (

pa(00) =

As discussed previously, raising operator, o, generates a transition from the ground to
the excited state while lowering operator, 81, generates a transition from the excited to
the ground state. The excited state population corresponds to the expectation value of
these operators. The definition of ¢'®)(7) in Eq.(2.46) can now be written in terms of

these operators as we already showed before in Eq.(2.18),

(L ()G (t + 1) (t+ 7T, ()
(T (1)74(1))?

gI(r) = (2.47)

To obtain the g®)(7), we can first calculate the operator products at (t+7) by the quantum
regression theorem. According to this theorem the expectation value of an operator Oata
time (¢+ ) is related to the expectation value of a set of operators (/)\Z(t) at time ¢ (Loudon

(2000)):

(O(t+7)) =Y aul(r)(Oi(t)). (2.48)

7
Using these relation one can solve the rate equations to obtain po(f + 7) in terms of p(t)

kl?

k1o + ko1
1

R

pa(t +7) = [1—e7™] + pa(t)e ™ ™m

(2.49)

combining these with regression theorem and using the relation of (& (t)51 (1) (t)7, ()) =
0,

_ ke
k1o + koy

+ TG ()5 (174 (1)F4(1)

(G (1)F7 (¢ + 1) (t + 7)T4(t) [1— e/ (@ (1)a+(t)

k el s
=,mT12k21 [1—e /™) (L ()F.(1))
+ e G (05 (1)). (2.50)
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13)

11)

Figure 2.4. Schematic representation of a three-level system.

As clearly seen the average of the operator product is equal to excited state population in

equilibrium. Finally we obtain that

_ k1o
k1o + ko1

= po(00). (2.51)
Substituting the Eq.(2.50), (2.51) into (2.43) the second order correlation function, g(2) (1),

of a defect center modeled by a two level system can be derived as

g(Q) (7—) — ]_ — 6_7—/7—0, (252)

where the emitted photons are separated by 7, constant of the system.

2.4. Three-Level Model

The real defects can often have additional levels called as shelving states and these
states decreases the efficiency by introducing additional intensity fluctuations. A three-
level system involves ground state |1), the excited state |2) and one intermediate state
(shelving state) |3) with a longer lifetime. A schematic diagram of such a three-level
system is given in Fig.2.4. For the same reason given in the discussion of two level states,
the second order correlation function can be derived from the classical rate equations as

we did before. The transition rates between the states are indicated by arrows. Here, k1o
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and ko; denote the pump rate and the spontaneous decay rate from ground state to the
excited state and vice versa. Photons emitted via the radiative transition ko; are detected
in a usual experimental setup. The excited three level system first decays from the excited
state to the shelving state with a decay rate constant ky3 and relaxes back to the ground
state at a rate k3;. These transitions including the shelving state are considered as non-
radiative. Additionally, a transition from shelving state to excited state is also possible wit
arate k3o. However, this transition may be observable or effective under strongly pumping
of the system (strong field intensities). In generally, the transitions from the shelving state
to other states have ignorable effects. In some conditions, the shelving state can trap
electrons and the populations and no photons are detected on the radiative transition ko;.
The rate equations for the three level model can be extended from Eq. (2.44) and

(2.45), neglecting all coherence,

o,

7 = —kiop1 + ko1p2 + k31p3, (2.53)
d
% = kop1 — karps — kaspo, (2.54)
d
g = kas3ps — k31ps, (2.55)

where p; , with ¢ = 1,2, 3, are the populations of the three energy levels. Assuming the
system to be in the ground state att = 0 (p1(0) = 1, p2(0) = p3(0) = 0) and that the
sum over all populations p; 4+ ps + p3 = 1, the analytically solution of these differential

equations yields the population of the excited state py(t),

k
pa(00) = ———— . (2.56)
(1+ k—)]fm + ko1 + ko3
31

According to Eq.(2.43) the second order correlation function for a three level model can be
calculated with 7; and 75 which are the excited and metastable state lifetimes, respectively

as following:

gD(r)=1— (1 +a)e V™ 4 ge I/, (2.57)
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Figure 2.5. Second oreder correlation function, g(z) (1), calculated for k15 = 0.001 is
the black line, k15 = 0.1 is the red line and k1, = 1 is the blue line.

The parameters of the Eq.(2.57) are given by

T = 2/(A+£ VA2 - 4B), (2.58)

A = kyp + kg + ko + ks, (2.59)

B = kigkas + kioks1 + karksy + kaskai, (2.60)
a= ]{:311(_72—72_]“3;1) (2.61)

The main contribution to antibunching is the second term in the right hand side of Eq.(2.57)
when the delay times close to zero. The bunching due to the third term in Eq.(2.57) takes
effect at longer delay time values. The parameter a represents the effect of the shelving
state. If a = 0, the ¢® () function for three level model reduces to the ¢'? (1) function of
the two level system. ¢(®)(7) is plotted as a function of delay time 7, for several excitation
pump rates and excited state life times in Fig.2.5. Fig.2.5 shows that the second order

correlation function strongly depends on the pump rate k5. The function is calculated
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for k15 = 0.001 (black line), k15 = 0.1 (red line) and k15, = 1 (blue line). The other rate
parameters used in the calculation are: ky; = 0.1, ko3 = 0.001 and k3; = 0.01. As seen
from the figure, the increased pump rate shrinks the width of the dip at zero delay time.
According to Eq.(2.57) the width of this dip corresponds to 7;. The calculated 7; values
for the given rate constants are 9.80 (black curve), 4.98 (red curve), and 0.91 (blue curve).
The increased pump rate also causes bunching and this corresponds to 75. The 7, values
for each black, red, and blue lines are 99.89, 90.52 and 84.50, respectively.

2.5. Electronic Absorption and Emission in Defect Centers

A single photon emitting defect which consists of discrete energy levels is also
called as a color center due to the observed wavelength of the non-absorbed or reflected
light. A photon of the incoming light can be absorbed by the system (defect center) if
its energy is equal to or greater than the energy difference between two electronic levels
of the system, that are Fy and E; for the lower (ground) and the upper (excited) states,
respectively. In the case of the absorption of a photon by a defect bound electron, the
electron absorbs the momentum and energy of the photon (hence photon is annihilated)
and jumps to a higher energy level with a different momentum. Strictly speaking, during
the interaction the defect center is disturbed by the photon, hence, the new quantum states
are slightly different from those of the non-interacting case which can be accounted for the
time depended perturbation theory. For small enough excited fields the defect preserves
its undisturbed quantum states, hence, the electron jumps into one of these states when
the defect is excited. Since the defect center is located in the much larger ensemble of the
atoms of the host, when possible, it looses some of the extra energy it gained to mostly
vibrations of the surrounding atoms (thermal relaxation) which is a nonradiative process.
Thus, if the electron is in a vibrational level of the defect in an excited state it goes
down to the lowest vibronic energy level of the excited state from where it decays back
to the ground state by emitting a photon with an energy equals to the energy difference
between the excited and ground states. The average time electron remains in the excited
state is called the life time of that state. These processes are shown in Fig.2.6. A two level
electronic system with o ground state of energy £ and an excited state of energy F; along
with their sub vibronic energy levels of v = 0, 1,2, 3 are given in the figure. According
to the figure, an incident photon of energy hw; is absorbed by an electron in the ground
sate from where it jumps to one of the vibronic energy levels of the excited state. After

thermal relaxation to the lowest possible vibronic level of the excited state it will make a
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Figure 2.6. (a)Excitation of a basic two level system and transition from ground state
Ej to higher excited energy level £/; and its different vibrational levels v =
0,1, 2, 3. (b) Schematic absorption spectrum of different transitions which
have different energies and intensities. (c) Schematic emission spectrum
of different transitions which have different energies and intensities.

radiative transition to one of the vibronic levels of the ground state emitting a photon with
energy hw. A set of four possible absorption and emission process are indicated by green
and red arrows Fig.2.6, respectively.

The probability of these transitions define the intensity of observed absorption
spectra and are defined by Franck-Condon principle which sates that the transitions will
occur without changing nuclear positions or the surrounding environment. This is justified
for low intensity light as mentioned earlier. The similar discussions are valid for the
emission spectrum of transitions from zero vibrational level v = 0 of the excited state F
to any vibratioanl levels v = 0, 1,2, 3 of ground state £. To figure out the probability
of the transitions for a single photon emitting defect, Franck-Condon principle need to be

explained.

2.5.1. Zero-Phonon Line and Phonon Side Band

An electron in the ground state makes a transition to an excited state when a defect
center is excited. In this process, not only spatial wave function but also the charge
distribution around the defect center is changed. This changes the equilibrium coordinates
of the adjacent nucleus. The electron-phonon coupling, hence, combines the movement

of the lattice and electronic transitions of the defect (Davies (1981)). In this coupling
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scheme, in general, for several vibrational modes the excited state energy V. is given by

Ve=FE.+ % Z miw; Q7 + Z a;Q; + Z bi; Qi Q5 (2.62)

.3

where E, is the excited state’s electronic energy and w is the vibrational mode frequency.
The effective mass corresponding to the mode is m. () is the displacement of the nu-
clei from their equilibrium coordinates. The term of a() denotes linear electron-phonon
coupling, while the last term bQ? describes quadratic electron-phonon coupling. The vi-
bration in the ground and excited state does not have to be around an exact equilibrium
point, which corresponds to the linear term. The quadratic term reveals the changes in the
bond strengths and the vibrational frequencies in the excited state.

A schematic representation of the energy diagram of an electronic transition for
a lattice coupled defect center is shown in Fig.2.7 (a). The upward transitions (green ar-
rows) represent an absorption of a photon by a defect electron in the ground state (with
energy F) with the lowest vibronic state (v = 0) to the first excited electronic state (with
energy [v1)with a vibronic (phonon) level indicated with the phonon quantum number
v = 2. Then, the electron in the excited state minimizes its energy (relaxes) to the lowest
vibronic state by emitting phonons whose total energy will be equal to 2w (that is, creat-
ing two phonons each with energy /w). This relaxation occurs in a very short time period
of a few ps. Finally, it decays back to a vibronic level in the electronic ground state (red
arrow in Fig.2.7 (a)) by emitting a photon whose energy equals the energy difference be-
tween initial and final energies of the electron. According to the Frank-Condon principle
the probability (hence intensity) of a transition increases with increasing overlap between
the vibronic wave functions in the ground and excited states of the defect center. Note that
according to the argument given above, due to slight changes in the nuclei positions of
the host atoms, their phonon (vibronic) wave functions are also shifted accordingly in the
configurational (positional) space. Hence, the intensity distribution of transitions between
the ground and excited states will depend strongly on the degree of overlaps between the
vibronic wave functions of the excited and ground states as indicated in Fig.2.7.

For the shown case, the largest wave function overlap (and the largest transition
probability) takes place when the excitation photon energy is equal to the energy differ-
ence between the two electronic states and two quanta of lattice vibrational mode energies
(Eo,y=0 — E,=2). For this reason the maximum absorption probability and correspond-

ing maximum intensity in the absorption spectrum is obtained between these states. The
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Figure 2.7. (a) Schematic representation of the energy diagram of an electronic tran-
sition with phonon coupling and, (b) Schematic representation of the ab-
sorption and fluorescence spectra.

other transitions from zero vibrational level v = 0 of the ground state to v = 0 — 0 and
v = 0 — 1 have their own intensities in the absorption spectra which is defined by the
degree of the overlap of corresponding vibronic wave functions in both electronic states
(see Fig.2.7 (b)). In Fig.2.7 the most probable and most intense transition is the 0 — 2
transition both in absorption and in emission which means the overlap of vibrational weve
functions in these two electronic states are maximum (see Fig.2.7 (a)), whereas in Fig.2.6
(b) the most probable and most intense transition is 0 — 0. This study focuses on the
transitions between discrete level systems, defects in host materials. The 0 — 0 transition
is called the zero phonon line (ZPL) which defines a single photon emission or absorp-
tion. We will focus on the emission processes since the aim of this theses is to identify
and characterize single photon emitters. Other possible transitions also participate the
emission with the energy difference equal to the energy difference between two closest
vibrational levels of the system. These transitions are called as phonon side band (PSB).
An observed ZPL and accompanying PSB of a defect center in hBN (hexagonal boron
nitride) is given in Fig.2.8 as an example. The PSB is displaced from ZPL to higher
frequencies in absorption and to lower frequency in emission, where the frequency differ-
ence indicates various phonon energies. The frequency shift of phonon side bands from

the ZPL in hBN is about 1369 cm™! (~170 meV) which incidentally corresponds to the
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Figure 2.8. A representative room temperature photoluminescence spectrum that
shows a ZPL at 623.9 nm and a PSB. To see the ZPL-PSB energy dif-
ference the ZPL is plotted to zero energy.

main phonon mode of the hBN lattice as observed in the IR absorption and Raman spec-
troscopies. A typical room temperature SP emission spectrum from a defect center in
hBN is shown in Fig.2.8. The ZPL is observed at 623.9 nm. Note that the energy scale is
given relative to the ZPL energy. Furthermore, a phonon side band (PSB) doublet is also
seen in the inset. The energy difference between the ZPL and its PSB is around 170 meV
which is equal to the energy of main phonon mode of the hBN as confirmed by its Raman
spectrum.

A strong ZPL than phonon side bands means that 0 — 0 transition is dominant. In
addition all phonon side bands are almost equally displaced from the ZPL. This confirms
that vibrational potential energy is parabolic in the configuration space. Thus it is safe to
say that mode is well described by a quantum harmonic oscillator for the phonon states is
applicable. Second approximation is that the harmonic oscillator potential is equal in both
ground and the excited states. This approximation, called linear coupling (two equally
shaped parabolic potentials and by equally spaced phonon energy levels in both states).
The third approximation is that only the zero level (v = 0) lattice vibration is excited
from ground state. This is known as the low temperature approximation. In that way, the
electronic transitions do not result from any of the higher vibrational levels. Incidentally,
the room temperature energy for T= 300 K corresponds to an energy of 26 meV. For any

phonon energies much larger than this low temperature approximation holds.
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Experimentally, the linear electron-phonon coupling can be expressed by the Debye-
Waller factor (DW) or the Huang-Rhys factor factor (5). The definition of the Huang-
Rhys factor is division of the integrated luminescence intensity of the ZPL (/zpy) to the
total integrated luminescence intensity of the defect center (/7,;) (Gaebel et al. (2004)) as

following (Walker (1979)):

= exp(—S9). (2.63)

The Huang-Rhys factor also can be understand as an indicator of the most probable vi-
bration assisted transition. The most probable luminescence transition then makes the
optically active defect center to the vibrational energy level with n = S phonon in the
ground state. This transition shows the maximum of the emission band (discussion fol-

lowing Ref. Walker (1979)).

2.5.2. Line Shape of ZPL and PSB

The ZPL line shape is Lorentzian (Loudon (2000)) and according to the Heisen-
berg uncertainty principle its width is determined by the excited state lifetime 7. The
natural line width (full width at half maximum, FWHM), without the influence of the
lattice, is FW HM = 1/7. The non-radiative decays due to lattice phonons decreases
the excited state lifetime. Thus, one can accept the excited state lifetime is equal to 7 at
absolute zero. Above the absolute zero, thermal motions affect the local environment and
shift the energy of the electronic transition. This increases the FWHM. Thus, the relation
of ZPL width is expressed as F'W HM > 1/7. The spectral line width of the transitions
including vibrational transitions is wider because of the fast (~ps) relaxation rates. A
narrow line width of a ZPL and its broad PSB are shown in Fig. 2.8. The PSB line shape
conforms to Poisson distribution because of it consists of a discrete number of events,
electronic transitions with phonons, during a certain time interval. However, above the
absolute zero, the probability of exciting more than one photon is higher and the PSB line
shape approximates to a Gaussian distribution.

Additionally, the environmental fluctuations cause dephasing and spectral diffu-
sion with additional time described by 7. In this case, the spectral line width broadens
by FWHM = 1/7 + 2/T. In order to reduce these additional fluctuations and reach the

FWHM at absolute zero, the samples must be cooled down to cryogenic temperatures. In
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this way, phonon scattering events are reduced and line broadening is prevented.

2.6. Photoluminescence Properties of Single Photon Emission

The emission rate of the single photon source depends on the excitation pump
rate (excitation laser power) and the excitation polarization angle. In this section these

dependencies will be explained.

2.6.1. Single Photon Emission Efficiency

Assuming that the transition rates are constant due to the fast vibrational relax-
ations (~ ps), the pump rate of the emitting system affects the emission efficiency lin-

early, that is

ki = aP, (2.64)

where k15 is the pump rate, P; the excitation power of the field, and «; a constant. The
effect of the pump rate on ¢ (7) was discussed in the preceding section and this effect
was demonstrated for several values of the pump rate in Fig.2.5. In addition, all quantities
involving the pump rate, ko, are also affected by the excitation power such as excited
state population, ps. The photon emission rate measured for a power value P is related to
the excited state population at steady state, py(00), as given in Eq. (2.46). This emission
rate is proportional to the measured intensity, /(P), for that excitation power. The steady
state population of the excited state for a two level model is calculated from Eq.(2.46).

Rewriting the equation by combining Eq.(2.64) gives the following:

k’glO(P k’glp k’glp P
ko = = = =l———, 2.65
p2(00) ko aP T+ o o For ~ Pt P PP, (2.65)
8}

where P;,; is the constant saturation power of the emitting two level system. The emission
rate (measured intensity) reaches to a constant ky; value when the excitation power P is

much larger than the saturation power Py,;. Thus at this limit the emission rate becomes

31



equal to the steady state intensity, /...

The two level model is the most simplified model. In most cases the defect center
has additional states, which are called "shelving states" which causes a reduction in the
emission efficiency. For a three level model, such as the one discussed in the preceding
section, the rate equations are already given by equations Eq.(2.53-55) with their solution
for the excited state population given by Eq.(2.56). This the emission rate conditions
for the there level model using steady state population of the excited state Eq.(2.56) as

following:

leoéP

pa(00) ka1 =

k
(1 + E)O{P + k?21 + ]{723
k31

_ k1K1 P
kos + k31 p o1k + kazksy
(kgg + kgl)Oé

P

—ir =8 2.
~ Pt P’ (2.66)

where

k31
I, =k 2.67
Sl (2.67)

is related to k9 similar to two level model.

The detected photons from the emitting system are related to the radiative tran-
sition rate k1. Thus, the value of ko, directly affects the emission efficiency. This can
be deduced from the description of [p and I,. It is clearly seen from Eq.(2.65) and
(2.66) that I, depends linearly on ky;. The rates ko3 and k31, which include the shelving
state transitions are non-radiative, and affect the saturation emission rate, /... However,
their influence on the efficiency is much smaller than that of k15 and ko;. In fact k3; has
the smallest affect on the efficiency which can usually be ignored in the denominator of
Eq.(2.67). Then it is more important to see the effect of the ratio ko3 /k3; on the emission
efficiency and ¢® (7)). Fig.2.9 gives the emission rate as a function of power for various
ratios of ko3/ks;. In the calculation all other rates were kept constant as ko = 0.001,
ko1 = 0.1 and k3; = 0.01. The increased ko3 causes to observe decreased saturation emis-
sion intensity. In Fig.2.9 (b), ¢®? (7) for the same rates were also plotted. In the figure

increasing k3 causes to observe bunching and decreased 77 and antibunching width.
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Figure 2.9. (a) The effect of ko3 on emission efficiency. (b) the effect of k53 on second
order correlation function.

2.6.2. Polarized Fluorescence of Single Photon

It is well known that according to the uncertainty principle, two canonical conju-
gate observables can not be measured at the same time. Polarization of a photon and the
diagonal basis are the important examples to such observables and they play an important
role in quantum information technologies. Furthermore, polarization properties of pho-
tons are directly related to the emitting sources. Excitation polarization of a dipole (as a
discrete-level system) defines its emission intensity behavior. In this study, the polariza-
tion characteristics of observed single photon emission will be studied. The polarization
is described as the direction of the electric field component of light propagating in k di-
rection. The polarization of the field can be described in the most general form as the

following:

Ec: = (Eie; + EQGQ)Bik'X_th, (2.68)

where the e; and e, are the directions of polarization vectors to the k vector. The elec-
tric field vector E, can be resolved into two rectangular components i.e Eqcos() and
Egsin(6). The analyzer of the system transmits only one component which is parallel to

its transmission axis while the other component being absorbed. Therefore, the intensity
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Intensity (arbitrary units)

Excitation Polarization Angle (Degree)

Figure 2.10. The relation of excitation laser polarization and single photon emission
intensity. The red line corresponds to zero minimum intensity, /g = 0,
condition without background effects. The dashed blue line represents the
effect of non zero Iz # 0.

of the emission transmitted by the analyzer will be

I = 1Ip+ Iycos*(0 + Oof pset ), (2.69)

where Iz and I + [ are the minimum and maximum values of the emission intensity.
¢ corresponds to excitation polarization angle and 0, .., is the angle corresponds to the
maximum emission intensity. In this study, this equation is used to fit the calculated
polarization dependency to the experimental data. Fig.2.10 gives two different intensity
distributions for all possible polarization angles with two different background intensities.
In a polarization measurement set up, the background intensity which is defined as a
minimum intensity of the emission, /5 is observed in the figure as a gap in the middle
with blue dashed line. Additionally, the polarization degree of the emitter is defined by

its visibility which is defined as the following:

Ima:(; - [mzn [O
v _ 2.70
[max +Imm [0 +2IB’ ( )
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where [,,,, and I,,;, are the maximum and minimum intensities, respectively.

In this study, polarization measurements of emitted single photons was performed
by a half-wave plate which changes the excitation field polarization and the angle between
the field and emitter dipoles. The observed intensity of the emission is maximum when
the angle between the two dipoles is equal to 90°. The minimum is observed at 0 degree.

In that way, the polarization property of the emitter was characterized.

2.6.3. Time-Correlated Single Photon Counting

Single photon emission can be obtained from single atom defects such as a host
atom vacancy, interstitial, or anti-site defects. When such a defect is excited, for exam-
ple by some incident radiation, it will loose the extra energy by emitting a photon as it
goes back down to its excited state. The emitted photon energy will be equal to the en-
ergy difference between the excited and ground state energies. The electron then absorbs
another photon, upon a continuous incident excitation radiation, then the whole process
repeats. At each excitation-emission cycle a single photon will be emitted. Usually the
excited electron spends a time in the excited state which is equal to the life time of that
state which is called fluorescence lifetime as well. For most photolominescence (or fluo-
rescence) events this life time is in nanoseconds, albeit it can be as long as milliseconds
or even seconds (in that case it is called phosphorescence). For the usual nanosecond life
time excitations we can carry out time-correlated single photon counting.

Fig.2.3 and Fig.2.6 (a) give schematic representation of absorption and emission
processes. These can be described by the following energy processes in that order (Akhtar

(2010)):

Eo+ hw; — El, (2.71)

Ey — Ey + hw. (2.72)

In a single photon emission experiment one can excite a defect either with continuous
wave laser or a pulse laser. The time span of the pulse at its full width at half maximum
(FWHM) must be much shorter than the excited state life time in order to account for the
excited life time as the difference between the excitation time and the emission time of

the defect. On the other hand, the time difference between two pulses should be at least
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Figure 2.11. Time-Correlated Single Photon Counting. (a) Measurement of the time
difference between excitation laser pulse and emitted single photon, At =
tpuise — tsp. (b) The accumulated single photons with respect to detection
time differences creates a histogram and a decay curve.

several times longer than the exited state life time so that all the de-excitation process
will be completed. Statistically, we can define the lifetime of an excited system when
the population of the excited state electrons decay to 1/e of the initial (right after the
excitation time of the pulse) excited state population of the system. This lifetime refers
to the average time of a defect (discrete level system) stays in its excited state before

emitting a single photon. This relaxation is described by

I(t) = Lye ", (2.73)

where [ is the initial intensity (or maximum count value) of emission which relaxes with
time ¢. At the same time more than one single photon source can be excited. In this case,
another exponential term is added to Eq.2.73. Instead of intensities, the relaxation can
be described by populations and the decay rate k as the following (Novotny and Hecht
(2006)):

(2.74)

S

The time difference between two consecutive laser pulses are equal and each pulse
recorded as t,,;s.. As shown in Fig.2.11 (a), also emitted single photons are recorded as

tsp. The time difference between consecutive laser pulse and single photon emission
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At = tpuse — tsp 1s recorded. Such a single photon time-count (that is a At value for
each count of a single photon) measurements are repeated many times consecutively for
a duration much larger than the expected life time of the excited state, until a statistical
histogram of accumulated counts for each observed At value, that is histogram of counts,
are obtained. A schematic representation of such a histogram is given in Fig.2.11 (b)
where, for example the total count for time 7 is about four in that particular example, this
number is 1/e of the initial count /; which can be found by extrapolating the curve given
by Eq.(2.73) to ¢ = 0. Note that equation Eq.(2.73) is fitted to the experimental counts by
adjusting [y and 7. Hence these are treated as fitting parameters.

The most important constrain of the measurement is that the probability of detect-
ing a single photon per laser pulse should be less than 1. In other words, after excitation

by a single pulse there should be either one or zero photon count until the next pulse hits.

2.7. Interaction Between the Emitter and Different Materials

Single photons sources are used in many applications such as quantum comput-
ing and quantum communication. To advance such technologies, not only bright, stable,
and controllable single photon sources are needed but also they must be well integrated
with their environments in a designed system so that their properties, such as brightness,
lifetime, and detectibility, will have a good mach with the system requirements. The
most known methods involve integration of SP sources with cavities of different shape
and sizes, coupling with plasmonic nanoparticles, and designing hybrid structures. In this
study, the emission from defects in WOj is coupled with Au nanoparticles to enhance
the emission (which is called the "plasmonic nanoantenna effect"). Furthermore, the sin-
gle photon emission from defects in hBN is coupled with graphene to observe emission

quenching by a mechanism called "Forster-like resonance energy transfer".

2.7.1. Fluorescence Brightening: Plasmon Effect

Metallic nanoparticles can be used to enhance the emission from a material in
close proximity due to the enhanced resonance effect of the plasmon oscillations with
incident electromagnetic field. The free electrons in metallic material under an external
electromagnetic field, collectively oscillate at the same frequency of the external field

which is called "plasma oscillation". This oscillation is in resonance when frequencies
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of restoring forces and the excitating external field are nearly the same. The oscillating
electrons are described as quasi-particles in plasma (free electron gas). These quantized
quasi-particles are called plasmons. The simplest explanation of forced plasma oscilla-
tions are due to Drude model. In the Drude model, electrons are independent from each
other (that is, they do not interact) oscillating with the same frequency, and they feel the
same restoring forces. In that case, the equation of motion of an electron under the effect
of a driving force due to an external harmonic electromagnetic field £ = Eye~** is given

by the following equation:

m% + myx = —eEge ™™, (2.75)

where m and e are the effective mass and charge of the electron. The damping term -y
arises from the collisions of electrons mainly with the lattice phonons. The solution x(t)
of Eq.2.75 gives the position of the electrons as a function of time. Then one can write
down the electric dipole moment associated with such an electron as d = ex. For n such
electrons per unit volume the electric polarization vector is defined as P = nd. In the
weak field approximation polarization is linearly proportional to E; that is P = ¢oxE
where Y is electric susceptibility while £y being electric permitivity of the empty space.
The electric displacement vector is given as D = eE = ¢oE + P, from which dielectric

constant is obtained as

w2
=1-——2— 2.76
() =1- 72 2.76)
ne?
where w,, = {/ —— is the plasma frequency (natural oscillation frequency) of the free

Eom
electron gas. For high field frequencies the damping term can be ignored in the dielectric

function. However, in this case photons will have large enough energy to create substantial
inter-band transitions which should be taken into account by adding a resonance term in
Eq.2.75 which is known as the Drude-Lorentz model.

Plasmon (also called a plasmon polaritons) in a bulk material are called "vol-
ume plasmons" while those at the surface are named as "surface plasmons". Conductors
involving large concentration (n) of free electrons (such as metals) limit the penetration
depth of the external electromagnetic field. For an absorptive medium incident light inten-

axr

sity falls of exponentially with the length of the light path x in the material as [ = Iye™
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where « is called the "absorption coefficient" and depends on the free charge density n.
For a metalic conductor n ~ 10?2cm 3 which sets the plasma frequency in the ultravi-
olet region of the electromagnetic spectrum while a typical penetration depth (for which
I = Iye ') will be a few nanometers for a visible light.

At a metal-insulator junction boundary such as that of a thin metallic film on a
dielectric substrate, the collective oscillations of the electrons on the surface (that are sur-
face plasmons or surface plasmon polaritons) propagate along the interface between the
metal and its dielectric surrounding. Solving the boundary conditions at the interface the
wavevectors in the z-direction (perpendicular to the surface) can be obtained. Combining
the dielectric function relation for the high frequencies, the surface plasmon frequency
can be found as wgp = wp/ V2. Then, the dispersion relation of this surface plasmon can

be found as

ksp = =y | —2m Q2.77)
c\ eqgt+em

where ¢, and ¢, are the dielectric functions of the insulator and the metal, respectively.
Both energy (frequency) and wavevector (momentum) need to be conserved at the same
time for surface plasmons, but this cannot be achieved by directly illuminating the metal
surface with light. Additionaly, the model does not satisfy at high frequencies. However,
there are studies to excite surface plasmons using specifically designed prisms or gratings
(Novotny and Hecht (2006)).

The geometry (size and dimensions) of a metal affects the motion of surface plas-
mons. The oscillations in metal nanostructures are limited within the boundaries and are
called localized surface plasmons. In contrast to surface plasmons, localized surface plas-
mons do not have momentum and by an appropriate excitation energy the electrons can
be excited (Mie (1908)). In the quasi-static limit spherical nanoparticles with diameters
d < ), external electric field as well as the induced dipoles are considered to be static.

Solving Maxwell’s equations for such a dipole the polarizability o = £y can be found as

3 £(N) — (M)

a(N) = dxr N F 25,0

(2.78)

where a being the radius of the nanoparticle. Accordingly, the maximum polarizability is
observed when €(\) ~ —2¢4(\), which is called the "Frohlich condition”. The induced

dipole moment in the spherical particle is
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L m g (2.79)

= dregema’
P 0 €4+ 2€,,

The superposition of the external field and the induced dipole field is

n-p—pl

Eou(r) =Eq + (2.80)

Aregem T3

where n is the unit vector r/r. However, the particles that have diameters >20 nm obey
these considerations without any quantization and surface effects (Link and El-Sayed
(2003)). In this study, to enhance the luminescence signal we used Au nanoparticles
whose diameters are larger than 20 nm.

In crystalline solids, size, shape, structure, and orientation affect the emission
by enhancement or quenching. Fluorescence properties of an excited material nearby a
metallic nanoparticle are affected from the changes in the excitation field, transition rates
and angular distribution of the emission with additional nonradiative channels. The radia-
tive decay rate (v,.) is modulated by the scattered field £ from the nanoparticle dipoles.
Some of the excitation energy of a photon souce is transferred to a nanoparticle in close
proximity, creating a nonradiative decay channel. In classical approach, the transferred
energy induced currents dissipates into heat by resistivity of the metal nanoparticle. This

nonradiative decay rate is given as (Schietinger (2012))

1

=5 | o)Bfdr, @81
1%

where o(w) is the conductivity of metal nanoparticle. As seen the decay rates depend
on the distance between the emitter and nanoparticle. The nonradiative decay rates with
respect to the distance between the emitter and the surface of gold nanoparticle can be cal-
culated by Lumerical simulations with the finite-difference time-domain (FDTD) method
package and are shown in Fig.2.12 (Lumerical Solutions, Inc. (2019)). The calculated de-
cay rate dependency is for the emission wavelength of 610 nm which is the most common
in our experiments of this thesis study. The gold nanosphere diameter was fixed as 30 nm
to be the same for our experiments in this thesis study. The dipole polarization is parallel
to the vertical axis as shown in the inset.

At this point, it is necessary to express that the enhancement of the nonradiative

and radiative decay rates are much higher when the coupling with the sphere is much
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Figure 2.12. Calculated nonradiative decay rates for an emitter with emission wave-
lengths 610 nm by FDTD method. The diameter of gold particle is fixed
as 30 nm. The orientation of the emitter which behaves like a dipole is
represented in the inset.

larger. This occurs closer to the plasmon resonance wavelength which is defined by the
size of the nanoparticle. However, this is opposite when the dipole orientation is hori-
zontal (Schietinger (2012)). In summary, the observation of the emission enhancement in
close proximity to the metal nanoparticle surface depends on the distance to the surface

of the particle, size of the particle and the relative orientation of the dipole.

2.7.2. Fluorescence Quenching: Forster Resonance Energy Transfer

Single photon emission can be quenched via transfer of energy to a nearby ma-
terial by a non-radiative process. This kind of energy transfer is called non-radiative
Forster-like resonance energy transfer (FRET). Energy is transferred from what is called
a donor (D) to an acceptor (A). In principle, D and A can be two atoms, molecule, or
dipoles. Non-radiative energy transfer occurs without photon emission by interaction be-
tween D and A at distances smaller than the wavelength \ of the exciting light. Fig.2.13,
gives a schematic representation of radiative and non radiative process where ko, is the
radiative, krprpr 1s non-radiative decay rate. The distance between D and A is the most
important parameter defining the strength of the nanradiative decay. The energy transfer

can also occur by electron exchange if D-A separation is less than 1 nm which is called
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"Dexter transfer" and it is due to overlap of the electron wave functions of D and A. Usu-
ally FRET occurs when In near field zone when the distance between D and A is in the
range; 1 < d < 10nm, which is called the "near field zone". The distance dependency
of FRET provides a useful tool which can be exploited in a wide variety of applications
such as sensing, etc.. There are reported studies In literature, on the distance dependency
of FRET rate for a graphene and fluorescent emitter such as molecules (Gaudreau et al.
(2013)), single nitrogen-vacancy center in a nanodiamond (Tisler et al. (2013), Reserbat-
Plantey et al. (2016)), single quantum dots (Ajayi et al. (2014)), TMDCs (Goodfellow
et al. (2016)).

Donor Acceptor

L
k12 k21 -

" T —
Eop :::533:::::

Figure 2.13. Non-radiative energy transfer process between a donor (D) and an acceptor
(A).

In this study, a single photon emitting defect center in hBN and a graphene layer
as a two dimensional material will be used as D and A, respectively. We shall assume that
the internal structures of the materials are not affected by the D-A interactions. Therefore,
processes such as electron transfer and molecular binding are not considered. The non-
radiative transfer of energy from a single photon source to graphene causes quenching of
the emission. Such a quenching is called as static quenching. On the other hand, using
an ionic liquid based device structure, the transferred energy rate can be modulated by
electrically and reversibly. This kind of quenching is called active quenching. That way,
a single photon emission can be modulated gradually and can even be turned on and off
like a switch. To figure out the working principle of this graphene-hybrid nano-device a

brief theoretical discussion is given below.
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2.7.2.1. Near-Field Dipole-Dipole Interaction

In classical perspective, energy transfer between D and A can be understood in
terms of an interaction between an initially oscillating dipole (D) and a static dipole (A).
The energy transfer occurs when a resonance condition is achieved, that is, both dipoles
should oscillate more or less with the same frequency. However, in quantum perspective
an electron in D and another in A are in their own states and energy transfer involves a
form of wave function overlap. This energy transfer can first be understood in classical

approach by considering electric field of an oscillating dipole (Govorov et al. (2016)):

B(r,t) = -y {[3(11 ‘d)n— d] (l - ﬁ) +[(n-d)n—d k;} (2.82)

where p is the time dependent electric dipole moment, n; unit vector from D to A direc-
tion, d; unit vector along the donor dipole moment, £ equals 4 and r is the distance from
the dipole. The electric field is always perpendicular to n. Sincce radiation is from a point
source it creates spherical waves.

In the energy transfer process, the donor’s radiated power Pp and the acceptor’s

absorbed power P, are related as the following:

6meicto
Py = ( o Eg) Py (2.83)
Pow

where py is the electric dipole moment amplitude, o is absorption cross section of the A.
Ey is the electic field amplitude and orientation averaging gives its square as following
(Govorov et al. (2016)):

2 4 2
Po k k 1
E?2 =2 ——+— . 2.84
0 (47r50> <3r2 N 3r4 * 7"6) (284)

Combining these equations yields

Pp. (2.85)
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Since FRET occurs in near field zone, that is the distance d between D and A is from 1
to 10 nm. then it is safe to say r < A. Thus, neglecting the first and second terms on the

right hand side of Eq.(2.85) the absorbed power of A becomes

4
P = 7 (A—> Pp. (2.86)

= 6dmd \ 10

This relation can be expressed in terms of transfer rate krrpr and radiative rate k., by di-

viding both sides to hr and using molar absorption coefficient € 4 (Govorov et al. (2016)):

(2.87)

3In10e 4 \*\ 1
kprer =k, ( 4 )

6475 N gt | 6

where N4 is the Avogadro’s number and n is the refractive index of the medium. This
equation can be generalized as the following when the exciting light has a spectral distri-

bution of wavelengths:

1/ Qp3inl0\ 1 [
/{JFRET > (647[1')5—W) T_G/U FD()\)éTA()\)/\4d)\, (288)

To

9000in10x2Qp
6
— 2.
ot 12875 N 4n T, (2.89)
1 /[ Ry\®
kFRETz—(—“> : (2.90)
To T

where quantum yield of donor is Qp = k, 7 related to the donor’s non-interaction life-
time 7y. Ry is called as Forster radius (Forster (1948); Forster (1951)) which is the dis-
tance when energy transfer efficiency is equal to 50% of the total efficiency as shown in
Fig.2.14. The energy transfer efficiency, Frrrr, can be described as the transfer rate

krrer divided by the total decay rate (kprpr + 1/70) with Eq.(2.90) the efficiency is

kFRET

E =" _—k , 291
FRET J— 7_0,1 FRETTD ( )
RG
E -0 2.92
FRET Rg + 7’6’ ( )
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where 79 is the lifetime of the donor without interaction and 7 is the lifetime with inter-

action. One of the other parameters in Eq.2.89 is the spectral overlap of D emission and

EFRET

2.5

r'R

Figure 2.14. Energy transfer efficiency with respect to the distance between D and A, 7,
and Forster radius, Ry. The x-axis is normalized distance r/ Ry.

A absorption, J(A). The overlap integral can be described as a function of wavelength,
wavenumber, or frequency. Orientation factor, x? takes into account the relative dipole

moment positions of D and A:

k* = (cosfpa — 3cosfpcosh o)?, (2.93)

where d and @ are unit vector along the D dipole and A dipole, respectively. The unit
vector 7 is the along the line from D to A. According to the Fig.2.15, this relative value
is 0 < k? < 4. The angle between D dipole moment and 7 is #p and d-7 = costp.

Similarly, the angle between A dipole moment and 7 is 64 and a - 7 = cosf 4. The angle

o~
-~

between D and A dipole moments is p4 = d - @.
In quantum mechanical perspective, anti-symmetrized wave functions of the initial

and final states of the system are defined for donor excited state and acceptor ground state
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Figure 2.15. (a) The orientation factor, 2, and the relative directions of the D and A
dipole moments. (b) The examples for three different values of x> with
respect to relative dipole moment directions.

case as V; and for donor ground state and acceptor excited state case as W;. The total
Hamiltonian of the system is H=H p+ H a4+ H 1 where H 1 is the perturbation term
and also given in Eq.2.38. Using the initial and final states the interaction matrix can be

described by

U = (W;|H|Vy), (2.94)

where U consists of Coulombic term, Ux and Exchange term, Ug. The exchange term
arises from exchange of spin and space coordinates of exchanging electrons on D and A.
Thus, this term contributes when the separation distance between D and A short enough
to overlap their electron clouds. In this study, the separation distance between the D and
A is always longer than a few nm’s. Thus, exchange term does not contribute. Coulombic

term arises due to the dipole moments of D and A.

MD . MA B (MA . I‘)(MD . I’)

Vo = —25 - , (2.95)
Mp||M
U = 5.04#(6089[)14—BCOSHDCOSQA). (2.96)

In quantum mechanical perspective, the photon emission at a random time by an
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excited system can not be known, however its probability can be calculated by Fermi’s
Golden Rule. The rule describes the photon emission rate by dipole matrix element of
transition from an initial state (|7)) to a final state (| f)), M;, and density of optical modes
(photonic mode density) p(v;¢) at frequency of v;; given from the energy difference be-

tween two states AE;; = hyy,

The rule clearly reveals that an emitter is affected by the properties of its surrounding
with respect to its optical properties. Accordingly, using Fermi’s Golden Rule the energy

transfer rate kprpr can be given as the following (Novotny and Hecht (2006)):
2
krrer = f\UﬁO, (2.98)

where p is the density of interacting initial and final states which is related to the overlap
integral between the emission and absorption spectra of D and A, respectively. The 1/7°

relation arises from square of the interaction potential of the system.

2.7.2.2. Near-Field Dipole-Graphene Interaction

Graphene was the first 2D material to be investigated for nonradiative energy
transfer from the vicinity emitters (Gaudreau et al. (2013), Chen et al. (2010), Ajayi et al.
(2014)). Fluorescent nanomaterials and graphene coupling exhibits strong photolumines-
cence quenching (~70-fold) (Chen et al. (2010)). Furthermore, the effective Forster ra-
dius of graphene acceptor was considered to be 11—16 nm (Guzelturk and Demir (2016))
due to its large absorption cross-section (> 10°cm ™). The exceptionally large F 6 rster
radius allows graphene for long-range couplings (> 20nm). Additionally, the zero band
gap of graphene leads interband transitions without frequency dependence. This makes
graphene an exciting material for an extremely wide range of nanoemitters. There are va-
riety of reports on FRET-based graphene hybrid nanomaterials such as nanocrystals (Fed-
erspiel et al. (2015); Guzelturk and Demir (2016); Yu et al. (2015)), dye molecules(Kim
et al. (2010); Treossi et al. (2009)), nitrogen-vacancy centers (NVCs) in diamond (Tisler

et al. (2013)). The exceptional fluorescence quenching ability of graphene also widely
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Figure 2.16. FRET rate and distance between the quantum dot and graphene relation.
The distance was controlled by the thickness of dielectric material (MgO)
(Federspiel et al. (2015)).

used in applications such as biosensors (Tang et al. (2010); Wang et al. (2011)), nanopo-
sition sensor (Mazzamuto et al. (2014)) and fluorescence quenching microscopy (Stohr
et al. (2012)).

The emission from donor quenches with the rate of r—* (Fig.2.16) for two di-
mensional materials (Swathi and Sebastian (2009); Kim et al. (2010); Federspiel et al.
(2015)) due to the plane-like structure of graphene as an acceptor. Optical emission inten-
sity of donor quenches by ~ kqq/(krad + knonrada + krrer) like near-field dipole-dipole
interaction (Federspiel et al. (2015)). Thus, we need to modify the energy transfer rate
model based on the interaction between two point dipoles which is derived by Eq.2.90
for a model for the interaction between a point dipole and two dimensional surface. This
modification was showed by Wolber and Hudson (1979) and also nicely summarized by
Tabernig (2018). According to these studies the Eq.2.90 is integrated over a plane to de-
rive the energy transfer rate from point dipole to plane (graphene) with polar coordinates
r and ¢:

R6 0 27 7,/
k =0 —————drd
o= [ [ e

/
0

RG 0o 2w r
=—/ / —————drd¢
0 Jo Jo (Vr24r72)5
RS
B U 2.99
70 27”47 ( )
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where R(r,r’) is the distance between the point dipole and an infinitesimally small dipole
on the plane. The energy transfer rate obtained by modification for graphene-like plane
acceptors by r~* distance dependency. The schematic systems of interacting two dipole

and dipole-graphene are shown in Fig. 2.17.

(a) (b) Acceptor
Donor Acceptor Donor R .
¥ o”’ rl
L .
-6 -4
krper = 7 krper = 7

Figure 2.17. (a) Near-field interaction between point dipoles as donor dipole and ac-
ceptors. The non-radiative decay rate is related to r~%.(b) Near-field in-
teraction between a point dipole as donor and two dimensional graphene
surface as acceptor. In this case, the non-radiative decay rate is related to
r—4.

In Fig. 2.18, the single photon emission emission from a three level system and
its energy trensfer to graphene is shown schematically. The differential equations of time
dependent population change of the system was given in Eq.2.53. The interaction of
this kind of three level system with graphene includes non-radiative decay rate kpgpr
from the excited state to graphene. There is possibility to exist this kind of decay from
metastable level to graphene, but this has very little effect which is negligible . Thus the

population changes of the system under interaction can be shown by

d /
% = —kwop) + (kyy + krrer)py + kélpé’ (2.100)
dp/2 / / / / /
T kiapy — (ka1 + kprer)py — Kasps, (2.101)
d /
L5 = Ky — Kyl (2.102)
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Figure 2.18. Single photon emission by a three level system and energy transfer to
graphene with rate equations.

The relaxation rate without interaction ko, ko3 and k3; change due to a non-radiative
contribution under interaction such that k5, + kprpr, ki and ki, , respectively. When
steady-state population is constant dp/dt = 0 without interaction, summation of the dif-
ferential equations of population changes of the system is equal to 1. However, under
interaction it must be less than 1. The decay rates decreases due to FRET decay rate, but

the rates ko3 and k3; have negligible effects as discussed in Neu (2012).
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

Optical techniques play a crucial role in the study of defects which are single pho-
ton sources. In this thesis, we employed three important optical experimental techniques
namely, Raman spectroscopy, Micro-Photoluminescence (4-PL) spectroscopy, and Han-
bury Brown-Twiss (HBT) interferometry. Raman spectroscopy was used mainly to study
the phonon modes of the host and the vibrational modes of the defects along with their
interactions with the host phonons. PL spectroscopy was first used to study the fluores-
cence from the defect centers. Then, emission characteristics of a single photon source
was also studied by p-PL spectroscopy. The third optical technique, HBT interferome-
tery, was used to obtain g?(7) data where either a continuous or a pulsed laser excitation
was employed. Additionally, lifetime measurements were carried out with the same HBT

setup as described below.

3.1. Raman Spectroscopy and Micro-Photoluminescence Setup

The samples used in this study are characterized both optically and structurally by
confocal microscopy, Raman and PL spectroscopy. In the study, a microscope is used to
focus excitation laser light to a small spot (about a micron in diameter) which allowed
us to obtain signals from a single defect center. We were able to utilize the same Raman
setup for both PL and Raman measurements. A generalized schematic diagram of our
PL/Raman setup is given in Fig.3.1. Necessary modifications to the given setup were
done for specific measurements when needed.

A continuous-wave (CW) HeNe laser source with a 633 nm wavelength excitation
was used for most PL. and Raman applications. The setup includes additional excitation
sources such as a Melles-Griot Ar-Ion laser with 514 nm and 488 nm wavelength emis-
sions, a Coherent Verdi V6 laser with 532 nm wavelength, and a 483 nm pulsed-laser
(PiL048X) with a maximum 120 MHz repetition rate and a 60 ps pulse width. For Ra-
man measurements, light from the laser was focused on the sample by the objective of
an Olympus BXS51 microscope. The scattered light from the sample was collected by

the same objective in the back-scattering geometry. After passing through a beamsplitter
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Figure 3.1. Raman Spectroscopy and Micro-Photoluminescence setup is shown.

(BS) and a notch filter (NF), the scattered light was focused onto the entrance slit of a
750 mm focal length monochromator (Princeton Instruments, ACTON SP2750, with a
grating turret including three interchangeable holographic gratings of 150, 600, and 1800
grooves/mm). After spectral deconvolution at the grating the spectra was collected by a
multichannel high resolution CCD detector (ProEM-EMCCD, containing 1600 (horizon-
tal) x 200 (vertical) pixels with a maximum resolution of 0.3 cm™1).

Photolumniescence experiments are carried out either in free space or by using
fibers. Some of the experiments were performed by directing the laser beam in free-
space as in the case of Raman measurements described earlier. After leaving the laser,
the beam first passed through a band-pass filter (BPF) to filter out all radiation except the
one at the emission wavelength with a spectral range \;,s..+5 nm. As going along the
laser beam path, then, a half wave plate (\/2) was used to alter the polarization state of
the excitation light to characterize the polarization dependence of the emission. Next, a
wheel of neutral density (ND) filters was placed to control the excitation power. Then, the
laser beam passed through a 50:50 non-polarizing beam splitter (BS) or a dichroic mirror
to be directed to the objective of the BX51 microscope system as seen in the Raman setup
Fig.3.1. High numerical aperture (NA) 50x (0.75 NA) and 100x (0.90 NA) objectives and
a Mitutoyo Plan Apo Infinity Corrected objective with long working distance, 50x (0.55
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NA) were used in the Microscope system to focus the laser onto the sample. The long
working distance objectives were used for device experiments and the low temperature
experiments which shall be described in detail later in this chapter. After the laser light
exciting the sample, the luminescent light was collected with the same objective lens in
the back-scattering geometry and separated from the excitation beam using a 50:50 non-
polarizing beam splitter (BS) or a dichroic mirror. A white light source (integrated to the
microscope) was used to obtain the real time view and image of the sample surface via
an integrated camera. An initial flip mirror was placed on the beam path before the BS to
direct the light from a white light source onto the sample while a second flip mirror after
BS was used to direct the reflected light from the sample onto the camera. The Rayleigh
component in the reflected light from the sample as well as the laser light reflected from
the BS was filtered out with a notch filter (NF) with a 17 nm absorption band centered at
the laser wavelength. The filtered PL emission was, then, either focused onto the entrance
slit of a monochromator (ACTON SP2750, Princeton Instruments) for spectral analysis
or directed to the HBT setup for photon correlation experiments. (For some experiments
light was directed onto the HBT setup at an exit slit of the monochromator via a flip mirror
placed before the CCD detector as shown in the Fig.3.1). After spectral separation from a
proper grating set the light was detected at the entrance slit of the monochromator by the
multichannel EMCCD detector.

After reaching the monochromator, the light was detected on an array CCD de-
tector. The signal detected in the CCD was digitized as electrical data, and transferred
to the controlling computer for analysis. An S&I TriVista program was used both for
controlling the experiment (setting up some parameters such as choosing filters, laser
light calibration etc. and starting and finishing the data collection) and for analyzing the
collected data. Our samples were mounted on a high-precision XYZ moving stage. The
position of the focused laser beam on the sample was controlled precisely by the Tri-Vista
software which was also monitored by the integrated camera in real time. The positional
accuracy of the XYZ stage was in the submicron level. Thus, we were able to focus the
laser beam onto very small (submicron) sized particles as well as on to a specific defect
centers emitting single photon radiation. In this way, for example, Raman and PL mea-
surements from the same predetermined points were obtained before and after graphene
transfer or gold nanoparticle deposition for comparative analyses (to be discussed in de-
tail). We also employed a second setup for PL and photon correlation experiments very
similar to the one described above. In this setup, a Shamrock750 spectrometer with 750

mm focal length with a selectable choice of a set of three gratings of 150, 600 and 1800
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gr/mm with an array CCD detector (Newton920 with 1024x255 pixels) was used and the
data was collected and analyzed by a home-made LabVIEW program.

3.1.1. Two-dimensional Photoluminescence Mapping

We studied the point defects in dropcasted flake clusters on Si-based substrates for
single photon sources. We were able to obtain a two dimensional map of such defects via
XYZ stage in our PL/Raman setup. Scans were carried out step by step first along X then
Y direction over a predetermined region of the sample. The step size along both X and Y
directions were 0.25 um, Thus, at each step a PL spectrum was collected from a spot with
an area of 0.2520.25 um?. After completion of all PL measurements from every spot on
the chosen area of the sample, the spacial distribution of a particular emission wavelength
of a single photon source produced a two dimensional image of that defect in the chosen
area. Thus, by means of the micro-PL mapping, the PL spectra of several defects were
analyzed from a single map data. Fig.3.2 gives such a PL maps obtained from some
chosen areas of a drapcasted hBN sample on a Si substrate. The maps show the two
dimensional distribution of the single photon radiation which was seen as an intense peak

in the PL spectrum of a chosen spot on the side.

3.1.2. Temperature Dependent PL. Measurements

A Linkam THMS600 stage was used to perform temperature dependency mea-
surements of PL and Raman signals. The stage, shown in Fig.3.3, was mounted on the
XYZ stage under a long working distance objective of the BX51 microscope. The temper-
ature of the samples placed in the chamber of the Linkam stage was controlled in a wide
range from +300 °C to —196 °C. Cooling below room temperature (RT) was achieved
via vaporized nitrogen from a liquid nitrogen (LN2) reservoir while heating over RT was
obtained by electrical currents under the sample mount in the chamber. Before cooling
with LN2, the chamber was evacuated via a pump to prevent ice formation on the sample
as well as on the optical window of the stage. However the pump noise introduced vibra-
tions to the chamber which caused fluctuations in the position of the sample. This limited

the exposure time to a few seconds for low temperature experiments.
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Figure 3.2. At the left the two dimensional PL maps of the same dropcasted hBN flakes
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Figure 3.3. Linkam THMS600, heating and cooling microscope stage (Linkam (2016)).

3.2. Hanbury Brown-Twiss Interferometer Setup

For the second order correlation function measurements, the spectrally filtered
emission was directed to an HBT interferometer setup. Depending on the type of exper-
iment, the emission from a single photon source was directed on to the detectors either
over a pair of split fiber cables or over a free-space optical setup. A generalized diagram
for the setup is shown in Fig.3.4. The setup consists of a 50:50 non-polarizing BS and two
single photon counting avalanche photo diodes (APD). A time digital converter module
(Excelitas SPCM-AQRH) was used to convert the detection time of the photons. Then,
he histogram as a function of delay time (7) was obtained as the number of photons for
the difference of any two given detection time ¢; and o (7 = t1 — £9).

The correlation function, which obtained from the histogram of the experimental
setup, (¥ (7)) is used to determine whether the emitted radiation from the sample has
a single-photon character by correlating the photon measurement times of the APDs (#;
for the first and ¢4 for the second). If the radiation comes in SP (from a SP source), each
photon will be reflected or passed through the beam splitter with a 50% probability. Thus,
If a source emits one photon at a time only one of the APD’s should detect a photon at
any time. The process was explained in the preceding chapter. The excited state lifetime

measurements were also carried out using the same HBT setup shown in Fig.3.4.
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Figure 3.4. Hanbury Brown-Twiss interferometer (HBT) setup is used to measure cor-
relation function and excited state lifetime.

Photon correlation measurements were performed by both continuous wave (CW)
and pulsed laser excitation. We were able to measure the second order correlation function
of the for a particular single photon emission in both way. Fig.3.5 (a) shows a typical
single photon PL emission from a defect center in hBN while the second order correlation
function measurements of the same defect center are given in Fig.3.5 (b) and (c). The
correlation function ¢ (7 = 0) measurements obtained with a CW-excitation gives a
dip at zero time delay. Experimentally, the value of ¢g(®)(7) at zero time delay should be
between 0 and 0.5 to be able to identify the defect center as a single photon source as
described in theoretical chapter in detailed. Under the ideal conditions ¢(® (7 = 0) must
be equal to zero. In reality, it is never zero due to background effects. On the other hand,
the width of the deep, which is inversely related to the decay rate, is affected from the
excitation power and increasing power leads to bunching. The effect of the pump rate on

the delay time is given by the the following equation:

(3.1)

where I' is the spontaneous decay rate while I+, is the effective pump rate, ideally I' >>
W,. Fig. 3.5 (c) shows a typical excitation power and correlation function dependency of
the single photon emission from a defect center in hBN.

In Fig.3.6, the correlation function measurement of a particular defect obtained
using a pulsed laser excitation is shown. A series of peaks are separated by from each
other with a repetition. We notice that the peak around zero time delay was depressed.

The relative area of the central peak compared to other peak areas is about 0.35 indicating
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Figure 3.5. (a) A ZPL obtained from a defect center in hBN and its PSB are shown.
(b) The photon correlation measurement result of HBT interferometer of
this ZPL is shown. The dip is below 0.2 at zero delay time which means
that a SP emission is measured. (c) Power dependent photon correlation
measurement results with respect to saturation power.
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Figure 3.6. Second order correlation measurement performed by pulsed laser.

that the source emits single photons. The pulse frequency of the exciting laser (not the
emitted radiation frequency) was 20 MHz corresponding to a period of 50 ns which is

equal to the peak separation in the measurement given in Fig.3.6.

3.2.1. Lifetime Measurements

To measure the excited state lifetime a 483 nm pulsed-laser (PiL048X) with a
maximum 120 MHz repetition rate and a 60 ps pulse width was used. The average decay
time of an emitter’s excited state which is defined as the time interval (7o) between an ex-
citation pulse and the subsequent photon count was measured and plotted as a histogram,
as shown in Fig.3.7. For life time measurements the same HBT setup given in Fig.3.4 was
used employing only one of the APD detectors. The number of the photons decays ex-
ponentially with the delay time. The temporal decay rate can be given by an exponential

decay probability function:

P(t) = 1/re7 ¥, (3.2)

where 7 = 1/ corresponds to the lifetime of the excited state. Hence, the excited state

life time is equal to the average delay time when the photon count reaches the 1/e of the
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maximum photon count (almost no time delay count). Strictly speaking for a time delay
to being very close to zero, the number of detected photons will be zero because of the
finite response time of the detector which is seen as a sharp decrease in the photon counts
when 7 is very close to zero (see Fig.3.7 (d))).

In Fig.3.7, the single photon characteristics of an emission from defect centers
in hBN are shown. Fig.3.7 (a) gives polarization dependency of the SP emission, while
power dependency and lifetime measurements were given in Fig.3.7 (¢) and (d). Fig.3.7
(b) shows the quenching of the single photon emission after a graphene transfer on the
defect. The stable emitter is excited with both 532 nm CW laser and 483 nm pulsed laser.

The lifetime is calculated from the trace of the histogram as shown in Fig.3.7 (d).

3.3. Scanning Electron Microscopy

The ability to create optically active defect centers artificially is of crucial impor-
tance for the SP-based applications. Various processes have been studied to generate SPs.
Most of them are based on the implantation of foreign atoms (gas, powder or solid cata-
lyst film) during the growth of the host material by CVD (Rabeau et al. (2005); Naydenov
etal. (2009)). In this study, we focused on one of the ex-situ defect creation methods, that
is, electron beam irradiation by Scanning Electron Microscopy (SEM).

Generally, SEM was used to obtain magnified images by scanning a sample on
a Si-based substrate with a high energy beam of electrons. In an SEM system an elec-
tron gun produces a high energy (keV) electron beam which is directed to the sample
by electromagnetic fields (acting as lenses in optical sense). When the beam strikes the
sample it interacts with the sample. This interaction frees some of the sample electrons,
called the secondary electrons (SE), some of the will backscatter (backscattered electrons
(BSE)). When an electron is knocked out from an inner full shell of the sample, a down-
ward transition of an electron from a higher electronic shell will create a characteristic
X-ray, Depending on the sample the deflected and ejected electrons from the sample will
create current signals. Different types of detectors are used to collect and convert these
signals into a two dimensional image on the screen. In this study, a Quanta FEG 250 SEM
system was used to create defects in commercial bulk hBN pieces on Si-based substrate.

The irradiation was performed by 20 keV energy electrons for 5-20 min durations.
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(a) Excitation polarization dependent PL intensity of a single photon emis-
sion. (b) PL spectra extracted from the polarization dependency series in
(a) for the degree of maximum and minimum intensities. (c) Excitation
power dependent PL intensity of a single photon emission. (d) Lifetime
measured at 20 MHz frequency. Black dots are the experimental statistics
and the line is theoretical fit. Excited state lifetime was calculated by this

exponential fit curve.
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CHAPTER 4

STRUCTURAL AND SPECTROSCOPIC
CHARACTERIZATION OF THE MATERIALS

In this chapter, the structural and optical properties, relating to our studies, of all
materials investigated in this study, namely, WSy, WO3, graphene, and hBN, are given
in some detail. Furthermore, experimental techniques and material methods employed
in this study, such as the transfer procedure of 2D materials onto desired substrates and
single photon source material preparation, are also given. For the generation of single
photon sources, defects in the bulk hBN were created by electron beam irradiation. Even
though the emission from these defects was of single photon in character, it was not
stable to carry out consistent set of required experiments such as polarization and power
dependencies and photon correlation experiments (using HBT setup).

To solve the stability problem, we first tried CVD-grown hBN samples as single
photon sources. A CVD-grown hBN layer was first placed on a silicon substrate, then
Raman and PL measurements were carried out. However, the dominant Raman signal of
hBN around 1369 cm™! could not be observed which indicated a structural deformation.
In our final try, hBN was transferred onto Si substrates via dropcast method as described
in detail later in this chapter. This method produced stable single photon sources suitable

for all the required analyses and characterizations.

4.1. Tungsten Di-sulfide (WS,)

There are many types of single photon sources besides defect centers with energy
levels in the band gap of a host material, such as localized (Frenkel) excitons (Jiandong
Qiao et al. (2019)). In particular, localized excitons can be seen in transition metal di-
calcogen (TMDC) alloys such as MoSe,, MoS,, WSe, and WS,. The general structure
of a TMDC alloy is MX,, M being a transitional metal element and X being a Group-
VI chalcogen element, such as S and Se. The band gap energy of a typical TMDC is
less then 2.5 eV (about 500 nm), making them suitable for defect and band gap related

luminescence investigations. TMDCs may have a multi or monolayer crystal structure.
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Figure 4.1. Schematic representation of two dimensional structure of WSs. (a) Top
view, (b) side view. Blue atoms represent Tungsten and yellow atoms Sul-
fur.

Similar to graphene, there are strong covalent bonds between atoms in a layer and weak
van der Waals interaction between individual layers. As an example, the monolayered
crystal structure of WS, is shown in Fig.4.1 with top (a) and side (b) views. A single
layer of WS, consists of one metal atom layer with a 6-fold in-plane coordination in the
middle of two trigonal chalcogenide atom layers which are packed in hexagonal form.

Physical properties of TMDC'’s are of great importance due to a direct energy gap
in the semiconductor range as well as high carrier mobilities, thus making them suitable
for many semiconductor applications. Tailoring their electronic and optical properties for
specific applications are on going research activities in the scientific community. The
band edges of the monolayers are located at the corners of the hexagonal Brillouin region
(K valley). Both valence and conductive bands have a large spin splitting with oppo-
sitely marked K™ and K~ valleys, coupling spins and valley degrees of freedom. The
optical transition selection rules permit valley selective excitations of excitons via cir-
cularly shifting the polarization of exciting light. In addition, strong Zeeman splittings
can be observed in potential photon indistinguishability applications (Aharonovich et al.
(2016)). Opto-electronic device applications of these materials are of interest due to the
spin-valley coupling of tightly bound excitons and their possible new functionality (Dong
et al. (2017)). Finally, many interesting properties of hybrid structures of TMDCs with
graphene and other functional materials offer great potential for new developments in
electronic and nano-optical technologies.

In semiconductor materials, photoluminescence spectra due to conduction-valence
band transition are caused by electron-hole recombinations in a strongly bound non-

localized (Mott-Wannier) excitons. On the other hand, recombination radiation from the
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excitons localized at a defect point (Frenkel exciton) exhibit single photon nature (Ton-
ndorf et al. (2015); Perebeinos (2015)). The binding energies of localized excitons are
much higher than free excitons which shifts the position of the ground state down towards
the middle of the energy gap leading to sharp recombination peaks in their PL spectra. Ex-
citons can be attached to impurity atoms or trapped in potential wells caused by vacancy
defects, structural defects or local stresses (Rosenberger et al. (2019)). In the literature,
it was reported that excitons are mostly trapped at the defects on the edges of monolayer
TMDC flakes due to local potential well formations. These wells are deep enough for
stable excitonic PL emissions (Raj and Tripathi (2019)). In addition to natural defect for-
mations to trap Frenkel excitons, hand made traps can also be formed by creating local
stresses via nanoindents at the surface of a semiconductor. In a recent study, such local
nanoindents were formed by submerging the tip of an atomic force microscope (quantum
calligraphy) into a WSe, layer (Rosenberger et al. (2019)).

Ideally, at cryogenic temperatures, the recombination radiation for a well localized
exciton with a mid-gap energy state must give a very sharp luminescnece peaks. How-
ever, with increasing temperature such peak widths exhibit substantial broadening mainly
due to acoustic phonon scattering. In contrast, the ionization energy of free excitons in
many materials are only a few meV, hence their shallow ground state exhibit a strong
coupling with conduction and valence band electronic states causing broader PL peaks
and the discrete excitonic levels required for single-photon emission disappear when the
temperature rises above 20-35 K (kpr = 26 meV at room temperature). Therefore, free
excitons can only exhibit single photon luminescence at cryogenic temperatures down
to 5 K. For opto-eclectronic applications single photon emission must be in the visible
range of electromagnetic spectrum. However, the gap energy of TMDC’s are too small to
create mid-gap defect states which can have excitonic luminescence in the visible range.
Also the defect states in them are not deep enough for stable single photon emission.
Hence they cannot be used as single photon sources (Aharonovich et al. (2016)). In a
study, regional stresses were created to trap excitons and to increase emission stability at
temperatures up to 60 K (Rosenberger et al. (2019)). In another study, the interaction of
TMDCs with plasmonic nano-cavities increased the observation temperature of single-
photon radiation to 160 K (Luo et al. (2019)). Alternatively, single photon emission was
observed in the ultraviolet spectral region at room temperature from carbon nano-tubes,
creating covalently bound oxygen or sp? defects (He et al. (2017); Ma et al. (2015)).

In the study of such alternative materials, it is important to obtain stable and bright

radiation at room temperature (Chakraborty et al. (2015); Srivastava et al. (2015)). In a
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(b)

Figure 4.2. Optical microscope images of dropcasted WS, particles on a Si04/Si sub-
strate. (a) low and (b) high concentration region.

recent study, it has been reported that multi-layer WS, emits single photons after thermal
annealing (Tran et al. (2017)). The reason for this was interpreted as the occurrence of
WOs; defects as a result of annealing. The researchers claimed that these defects entrap
excitons and deepen their ionization energies, hence, creating sharp excitonic levels in
the energy gap. Based on the claims set forth by Tran et al. (2017), we have investigated
WS, and WOg as candidates for room temperature single single photon sources. Indeed
the emission characteristics from the defects in our WOj3 samples showed strong single
phonon characteristics. Hence, for the first time we were able to confirm that a TMDC
material can also produce single photons at room temperature. This evidence creates the
necessity of new studies in this field.

In this study, WS, was purchased in powder form from Sigma-Aldrich with 2um
particle size and 99% purity. Powder was mixed with equal amount of DI-water and
ethanol to obtain ~ 5mg/L concentration. This solution was stirred with a vibrator for
10 minutes and dropcasted on a clean SiO./Si substrate. Then we let the liquid solvent
evoporate by itself until the samples were completely dry. The Fig.4.2 shows optical mi-
croscope images of dropcasted WS, particles on a SiO,/Si substrate. This preparation
method produced a non-homogeneous distribution of WSs particles on the substrate sur-
face. In Fig.4.2 (a), a low-concentration and in (b) a high-concentration region of particles
are shown. The preparation is very similar to the illustration in Fig.4.3 which is given for
hBN samples.

Raman spectrum of a multi-layered WS, sample gives two first-order Raman
modes; F;,(I") and Ay, (I") at the Brillouin zone center. Additionally, a zone-edge mode
at the M point is seen as the longitudinal acoustic mode L A(M ). These are due to in-plane

joint movements of the atoms with periodic compression and expansions of the lattice. In
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| AlLO, /Si Substrate

Figure 4.3. The dropcasted hBN sample preparation from solution. For WS, and WO3
samples, Si0,/Si substrates were used.

Fig.4.4 (a), the atomic displacements of Ej; (T'), and the A4(I") modes are given. The
dashed line refers to the weak inter-layer van der Waals interaction.

Raman spectroscopy can not exactly determine the number of layers. Hovewer,
the layer number is predicted by the intensity ratio of / EL,(T) /14, ,(ry which is greater than
1 for a single layer and less than 1 for more than 3-layers of WS, that are bound together
by van der Waals forces (Berkdemir et al. (2013)). When the number of layer decreases
the Raman intensity of the A;,(I') mode decreases as well which means the inter-layer
phonon restoring forces get weaker with decreasing number of layers. The three first-
order modes of FEj ('), Ayy(I'), and LA(M) and a second-order mode 2LA(M) are
observed at 356 cm™', 418 cm™!, 176 cm™! and 352 cm™!, respectively in the Raman
spectra of such layers. The second-order disorder mode becomes highly intense under
514 nm excitation wavelength and overlaps with EQIg(F) mode (Berkdemir et al. (2013);
Igbal et al. (2016)).

In this study, the dropcasted WS, samples were used after annealing at 550 °C
for 30 minutes to increase the stability of defects to enhance the single photon emission
characteristics. After annealing, however, in addition to WS, phonon modes, we also
observed the phonon modes of WO3 in the Raman spectra of these samples as shown in

Fig.4.4 (b). The peak at 520 cm ™! is the fundamental phonon mode of silicon coming
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Figure 4.4. (a) Schematic representation of the atomic displacements of two adjacent
layers in WS,. (b) Raman spectra of asgrown (red) and annealed (blue)
WS, samples.

from the substrate. The occurrence of this mode indicates that the WOj3 film is very thin
on the Si substrate. As seen, the £, (I') and A;,(I") modes of WS, are at 352.5 cm™"
and 419 cm™!, respectively. The Raman mode at 270.1 cm~! could be a difference mode,
namely 2LA(M) — 3E3,(M) mode of WS, or WOs (or a combination of both). The
intensity of this peak noticeably increases after annealing. The annealing process also
intensifies the Raman peaks at 326.7 cm~!, 709.4 cm™! and 807.5 cm~!. These modes
are in fact Raman active phonon modes of WO3, which will be explained in the next
section. After annealing, oxide defects in the WS; increases. But must importantly, as a
part of this thesis work, we were able to observe single photon emission from WO; defect
centers. We observed that, annealing increased intensity of single photon emission as well

indicating an increase in the emitter concentration due to annealing.

4.2. Tungsten Three-oxide (WO;)

In a recent study, it has been reported that single photon emission from WS, can
be observed at room temperature albeit it is due to defects in WO3 which is formed in
WS, (Tran et al. (2017)). The authors considered two possibilities for the source of single
photons in WS,: either WO3 defects trap the excitons shifting their binding energies to
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Figure 4.5. Schematic representation of WOs structure with different phases. (a) Mon-
oclinic crystal structure of room temperature, (b) simple cubic, (c) tetrag-
onal, (d) monoclinic structure of low temperature, (e) triclinic, and (f)
orthorhombic crystal structures. The spheres of green and red colored
represent Tungsten and Oxygen atoms, respectively (Wang et al. (2011);
Di Valentin et al. (2013)).

deeper levels in the band gap of WS, or localized defects with mid-gap discrete energy
levels in WO3 are the source of single photons. This study confirms that single photon
emission can be observed at room temperature from a TMDC. To identify the source
of the single photon emission reported by these researchers, we studied both WS, and
WO3, separately. Our WS, samples did indeed show single photon emission character-
istics as reported in the Tran et al. (2017). But, the PL emission from our WO3 samples
show strong single photon characteristics, to our knowledge, this is the first observation
of single photon emission from a WO3 material. The similar single photon emission char-
acteristics with that of WS, clearly show that the single photon emission originates from
WO3 but not WS, itself.

WO; has a wide variety of applications in optical electronics such as smart elec-
tronic devices, optical memories and flat panel information displays (Ramana et al. (2006)).
Most importantly, WO3 can be used in chemical sensors via functional activity to various

gases (Djerad et al. (2004)). The crystal structure of WO3 at room temperature is mon-
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oclinic as illustrated in Fig.4.5 (a). Annealing at 550 °C leads to hexagonal phase, but it
reversibly transformed to monoclinic phase when temperature reaches to room tempera-
ture again (Ramana et al. (2006)). WO3 has different phases under different temperature
conditions which are also shown in Fig.4.5. According to the reports, the simple cubic
phase structure is the least stable one (Wang et al. (2011)). According to experimental
studies, the phase transitions of WOg3 are low temperature monoclinic e-phase from 5 to
278 K, triclinic d-phase from 248 to 290-300 K, monoclinic y-phase from 290-300 to
600 K, orthorombic 600 to 1010 K and tetragonal up to the melting point 1746 K (Caz-
zanelli et al. (1999a)). The band gap of WOj3 affects from the structure. According to the
experimental measurements such as optical absorption (Gonzélez-Borrero et al. (2010);
Grangvist (2000)) and photocurrent (Hodes et al. (1976)), the band gap varies between
2.5and 3.2 eV.

(b)

Figure 4.6. Optical microscope images of dropcasted WOj particles on a Si0O4/Si sub-
strate. (a) low and (b) high concentration region.

In this study, WO3 was obtained in the powder form from Sigma-Aldrich with
99.9% purity. The sample preparation method is the same as that for the WS, samples
given earlier. The WO3 powder was mixed with equal amount of DI-water and ethanol to
obtain ~ Smg/L concentration. This solution was vibrated for 10 min and dropcasted on a
clean SiO4/Si substrate, then we let the liquid solution evaporate in the ambient condition.
As for WS, samples, WO3 particles was spread on the substrate inhomogeneously. Fig.4.6
(a) shows a reqion with a high concentration of WOj3 particles while Fig.4.6 (b) shows a
low-concentration region. The preparation was similar to the illustration in Fig.4.3 which
is for hBN sample preparation. Annealing was also carried out for a set of samples to
improve their emission characteristics.

Raman spectrum of a room temperature WO3 sample gives peaks associated with
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the phonons of monoclinic phase (m-phase) (Pecquenard et al. (1998); Daniel et al. (1987)).
Fig.4.7 shows typical Raman measurement results of as grown and annealed WO3 sam-

ples. A set of for peaks observed in the spectra clearly indicate the characteristic phonon

modes of m phase-WOj3. The Raman active modes observed at 715 cm~! and 807 cm™!
originate from antisymmetric and symmetric stretching vibration modes assigned by v(W-
0O-W) and v(O-W-0), respectively (Daniel et al. (1987); Xu et al. (2015)). Other Raman
active modes observed at 272 cm~! and 326 cm™! are due to the bending vibrational
modes §(O—W—0) (Daniel et al. (1987); Xu et al. (2015)). Annealing at 550 °C causes

more intense Raman peaks indicating the formation of more oxygen-ion vacancies which

also changes the optical band gap (Flores-Mena et al. (2012)).

— Annealed
— Asgrown

Intensity (a. u.)

200 300 400 500 600 700 800 900 1000
Raman Shift (cm™)

Figure 4.7. Raman spectra of asgrown (red) and annealed (blue) WO3 samples.

Our Raman analysis of asgrown and annealed WO3 are shown in Fig.4.7 as red
and blue lines, respectively. The peak at 520 cm™! comes from the substrate indicating
the fundamental phonon mode of Si. It can be observed because WOs is very thin. The
Raman peaks of bending vibrational modes are observed at 275.5 cm~! (B1) and 326.9
cm~! (B2) while the stretching vibration modes of asgrown WOj3 are observed at 708.9
cm~ ! (S1 red) and 801.9 cm~! (S2 red). However, stretching vibration modes of annealed
samples are observed at 714.1 cm~! (S1 blue) and 807.2 cm~! (S2 blue) indicating a clear

redshift for the annealed samples which is due to the increase in compressive residual
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stress (Flores-Mena et al. (2012)). The shifting to lower wavenumbers can occur with the

increase of tensile stress (Flores-Mena et al. (2012)).

4.3. CVD-grown Graphene

Graphene is a monolayer of carbon atoms with a honeycomb structure of hexagons.
It is the first material experimentally produced and observed in that structure which is
atomically thin and almost transparent (Novoselov et al. (2005)). The structure of a single
layer graphene is shown in Fig.4.8 with honeycomb-bonded carbon atoms. A single layer
graphene absorbs about 2% of incident light (Nair et al. (2008)). Graphene has very high
charge carrier mobility (Bolotin et al. (2008)). It has a gapless electronic band structure
which leads to frequency-independent efficient interband transitions. These properties
makes it an excellent candidate for coupling with fluorescent nanomaterials (Chen et al.
(2010)).

O carbon

Figure 4.8. Schematic representation of two dimensional structure of graphene.

Such couplings leads to reduction (quenching) in the PL emission intensity of the
nanomaterials. This quenching is due to the interaction of nanoparticles with graphene.
Some of the excited electrons in the nanoparticles transfer their energies to the valence
band electrons of graphene generating elecron-hole pairs in graphene. This phenomenon
is known as Forster-like Resonance Energy Transfer. In this study, graphene is placed
at a near field distance to a single photon emitter (a point defect) in hBN. The optical
analyses before and after graphene transfer on the emitter shows static quenching of the

PL emission.
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4.3.1. Transfer of Graphene onto a Desired Substrate

Single layers of graphene are synthesized on a smooth Cu foil (Mitsui mining and

smelting co.) by CVD in a quartz tube which was heated up to 1035 °C under 100 s.c.c.m.

H, flow. After the temperature was stabilized at 1035 °C flow rate, 10 s.c.c.m. H, and 85

s.c.c.m. CH, were supplied into the tube simultaneously. The partial pressures of Hy and

CH, were 3 and 1.5 Torr, respectively. After 10 minutes of growth at this temperature, the

tube was cooled down to room temperature under a 100 s.c.c.m. H, flow rate.

h B N .:..::..:;__::_._._-.:_._-... |

Cu foill —> -
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Figure 4.9. hBN transfer procedure from Cu foil to a Si-based substrate

The single layer graphene must be transferred onto a desired substrate to perform

the experiments. In the study, a transfer procedure which was reported in the studies of

Kocabas Research Group (Polat et al. (2015)) was used for all CVD-grown samples. The

brief steps of the procedure are:

1. Dropcast photoresist (S1813) onto the foil and put into the furnace heated up to
60°C for 12-24 hours

2.

8.

Etch the Cu foil in H,O5:HNO3;:HCL:H5O solution

. Rinse the sample by DI and dry it by nitrogen gas
. Take onto a cleaned Si-based substrate

3
4
5.
6
7

Put them on a hot plate at 80°C' during 5-10 min

. Immerse in acetone

. Immerse in isopropanol

Dry the film by nitrogen gas

The process was optimized for each step. In order to etch Cu foil also Fe;Cly could be
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Figure 4.10. Sticking of the graphene/photoresist on glass substrate homogeneously by
heating on a hotplate is observed from backside of the glass. (a) After the
first 4 steps the Cu foil etched graphene/photoresist. (b) The fifth step
of the transfer procedure, put on the substrate. (c) heating on hotplate to
slightly liquefaction of the Photoresist. (d) Too much heat, (e) too low
heat, (f) appropriate temperature = 80°C with fully sticking on substrate.

used. The most important step is heating on the hot plate to stick on the substrate ho-
mogeneously. We need to get rid of unwanted preexisting defects created by transfer
procedure such as grain boundaries and edges. Because in the study, the single photon
emitting defect centers are investigated. Thus, it is very important to succeed an irre-
proachable and easily replicable transfer procedure. To that aim first we tried the transfer
procedure by glass substrate to observe the backside of the glass and photoresist as shown
in the Fig.4.10, to confirm homogeneous spread. Then, we performed the procedure by
CVD-grown graphene and hBN by silicon substrate.

Fig.4.10 shows the cleaned and etched Cu foil. Then, graphene/photoresist was
placed on the glass with the graphene in between the substrate and photoresist (b). The
sample was heated on a hotplate to slightly liquefy the photoresist (c). Too much heat
(> 80°C) causes a quick burn of the photoresist (d). Too low heat (< 80°C) causes
partial sticking on the substrate (e). However, the appropriate heating temperature (=
80°C) results in a full sticking on the substrate. The Raman spectrum of a graphene layer

which was transferred on a glass substrate is shown in Fig.4.11. The three most dominant
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Figure 4.11. (a) On the left before immersed in acetone the photoresist/graphene on
glass are shown. On the right after removing the acetone the graphene on
glass is seen by slight contrast difference. (b) The Raman spectrum of the
transferred graphene layer on the glass substrate.

Raman peaks observed at 1339 cm™*, 1589 cm~! and 2686 cm ™! correspond to D, G, and
2D vibtational modes of graphene, respectively. The relative intensity of Iop /I is about
0.5 which is an indicator of a single layer graphene structure.

The transfer procedure is also optimized for silicon substrates. We used a few
degrees lower and higher temperatures than those used for glass substrates to get a com-
plete and homogeneous sticking on the silicon substrate. The optical microscope images
of the transferred samples are shown in Fig.4.12 for low (a), appropriate (b), and high (c)
heating temperatures. Only for the heating temperature at about 80°C, full sticking on the
substrate is observed. In that case even the edges of a graphene layer was seen very sharp
(Fig.4.12).

Lower heating temperatures cause peeling off the transferred flakes from the sub-
strate. Higher heating temperatures, on the other hand, cause burned regions. Addi-
tionally, as seen from Fig.4.13 (c, d) the defect-related signal of graphene (D peak), is
noticeably more intense than the one that transfer process was performed at appropriate
temperature (a, b). Thus, we concluded that the most suitable heating temperature was
80°C heating for 10 min. After that, the substrate was immersed in acetone to dissolve the
photoresist which was followed by a few minutes rinse with isopropanol. Then the sam-
ples were dried by nitrogen gas as described earlier. In Fig.4.13 (b) and( d), the three most
dominant Raman signals observed at 1339 cm ™!, 1589 cm™! and 2686 cm™! correspond

to D, G and 2D signals of graphene, respectively.
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(b)

Figure 4.12. The optical images of the transferred graphene layers are given with (a)
low, (b) appropriate and (c) high hot plate temperatures.

4.4. Hexagonal Boron Nitrite (hBN)

2D materials offer a promising platform for quantum-optic technologies. Among
them hexagonal boron nitride (hBN) has attracted a great deal of attention due to its struc-
tural similarities with graphene (Song et al. (2010),Shi et al. (2010)). It is a wide band
gap (5.9 eV) insulator. Defect studies reported in the literature mostly comprise of the
effects of vacancies and impurity and adsorption atom effects on its electronic and mag-
netic properties (Liu and Cheng (2007)). Additionally, in 2004, it was discovered that the
origin of the luminescence from deformed hBN samples was excitons, and in 2007, it was
reported that such defects in hBN were the source of ultraviolet light at room temperature
(Kubota et al. (2007), Watanabe et al. (2004), Watanabe et al. (2006)). These develop-
ments indicate that hBN is a promising candidate for quantum information technologies,
medical applications, quantum communication, and optoelectronic applications.

According to the reports, the luminescence in hBN at about 4 eV originates from
impurities, and the one at 5.5 eV originates from stacking faults (Kubota et al. (2007),
Watanabe et al. (2006), Museur et al. (2008)). It was found out that the defect centers
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Figure 4.13. (a) The optical image of graphene that transferred by the optimized condi-
tions. (b) Raman spectra belong to single layer graphene and Si. (c) The
optical image of graphene transfered at high hot plate temperature on the
substrate. (d) Raman spectra of graphene with intense defect signals.
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in hBN create discrete energy levels within the bandgap which these behave like atomic

energy levels and can be used to generate SPs. Emitters in hBN are associated with boron

vacancies (Vp), nitrogen vacancies (V), and antisite crystallographic defect (NgVy) of

the lattice, as shown in Fig.4.14. The PL emission observed at 623 nm is thought to be

coming from an antisite complex, NgVx (Holmes et al. (2014)). Its wide bandgap allows

the emissions distributed across an energy range that exceeds 500 meV (Museur et al.

(2008)). SP emission from bulk hBN is observed from its optically active defect centers

without any pretreatment (Martinez et al. (2016)). However, SP emission from TMDCs

such as MoS,, WSe,, are obtained at low temperatures, ~5K. Besides, these materials

have gap energies of about 1.3 eV and this obstruct to measure the small excitation. How-

ever, defect centers in hBN emits SPs at room temperature.
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Figure 4.14. Schematic representation of defect types in hBN. (a)Boron vacany, (b) ni-
trogen vacancy and (c) an antisite crystallographic defect.

4.4.1. Defect Creation by Electron Beam Irradiation in Bulk hBN

In this study, we wanted to create defect centers by electron beam irradiation to
obtain single photon emissions with similar optical properties. Theoretical simulations
have demonstrated that boron vacancies act as acceptor whereas boron interstitials or ni-
trogen vacancies are electron donors (Attaccalite et al. (2011); Orellana and Chacham
(2001)). Therefore, native or intentionally generated vacancy-interstitial pairs, or the in-
teraction between different kinds of vacancies, could be compatible with the observed
donor-acceptor character of the broadband emission. We tried to create defects in hBN by
electron beam irradiation in SEM according to the procedures given in the literature. In
Fig.4.15, SEM image of an irradiated hBN flake and its PL. emission spectrum are shown.
In our experiments, electron beam irradiation was performed by 20 keV energy during 20
min. Any stable emission could not be observed for lower exposure times such as 5, 10
and 15 min.

In our experiments, the electron beam irradiation method to create defect centers
was a very promising one-step process which does not require a post annealing treatment.
The process is very useful. However, there are no reports about whether the electron beam
creates new defects or activates preexisting defects that are present in asgrown hBN. Thus,
further studies are needed to determine the effect of electron beam irradiation process
on creating SPSs in hBN. Additionally, observed emissions were stable just for a few
seconds. Therefore, in this thesis we decided to continue with existing optically active

defect centers in hBN.
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Figure 4.15. (left top) the SEM image of an hBN flake before electron beam irradia-
tion, (left bottom) after electron beam irradiation, (right) after treatment
the hBN raman and an emission from defect center in hBN is seen from
PL spectra.

4.4.2. Transfer of CVD-grown hBN onto a Silicon-based Substrate

HBN was supplied in multi/single layer forms on copper foil and dispersed in
ethanol/water solution from graphene supermarket (Fig.4.16). Commercial single or a
few layer hBN films are grown by chemical vapor deposition (CVD) on copper foils as
shown in Fig.4.16 (b) and (c). The SEM image shows hBN as wrinkles on top of the
copper foil.

The optimized graphene transfer procedure was used to transfer CVD-grown hBN
onto silicon substrate as well. Samples were prepared using the main procedure steps
with heating temperature of 80°C and lower and higher temperatures were also tried. The
samples were analyzed by optical microscopy and Raman spectroscopy after the transfer
procedure. Substrates have a 60 nm-thick Al,O3 oxide layer to see the optical contrast
of hBN on the substrate (Gorbachev et al. (2011)). The optical contrast difference on
the silicon substrate was clearly observed, but we could not observe the hBN peak in its
Raman spectrum that was expected at about 1369 cm~* (Fig. 4.17).

The multi/single layer hBN Raman signal could not be observed by different ex-
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Figure 4.16. (a) HBN flakes in solution. (b) Commercial single layer hBN grown on Cu
foil. (c) SEM image of single layer hBN on Cu foil (Graphene-supermarket
(2016)).

citation lasers, 532 nm, 488 nm and 633 nm. Fig. 4.17 represents the data collected by
633 nm laser using a 600 gr/mm grating in the monochromator. The thin layers of hBN
have very weak Raman signal due to its wide band gap of 5.9 eV. Thus, we need to use
a UV laser source, which, unfortunately, does not exist in our set up. This work was first
focused on the defects in multi/single layers of hBN as sources of single photons which
were needed to make graphene-hybrid nanodevices. However, since we were unable to
observe the Raman signal and the single photon emission from the defects was not stable,
we changed our sample preparation method. Instead of producing defect intentionally in
our lab we used commercially purchased hBN flakes in ethanol/water solution. It was also
recently reported that single layer hBN exhibits broad and weak ZPL spectrum whereas
multilayer hBN has very narrow and sharp single photon emission (Tran et al. (2015)).

4.4.3. Sample Preparation

A solution containing 1-5 monolayer thick hBN flakes with 50-200 nm lateral-size
was purchased (Fig.4.16 (a)) from the company Graphene Supermarket. The solution was
dropped directly on a clean substrate and dried in ambient conditions. The preparation
is illustrated in Fig.4.3. The substrate had ~ 60 nm Al,O3 oxide layer to see the optical
contrast of hBN on the substrate (Gorbachev et al. (2011)). These samples were not
annealed after dropcasting, because most of the ZPLs which were observed from the
hBN flakes were very stable at room temperature. However, most of the reported studies

involve annealing processes at about 550 °C for 30 min.
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Figure 4.17. After hBN transfer from Cu foil to a silicon substrate Raman Spectrum
of the shown images were taken by 633 nm laser. The optical contrast is
seen on the optical images, but the hBN Raman signal could not observed.
The Raman spectra were collected from the colored dots on the images and
plotted with the same colors shown on images.

In this study, the single photon emission was observed optically active defect cen-
ters of hBN flakes. In a typical emission spectrum, the Raman signal of phonons of hBN
and Si substrates always accompany the single photon (ZPL) emission along with a PSB
peak as seen in Fig.4.18. In figure (b), the peaks at 430 cm~!, 520 cm™*, 1369 cm™!,
1720 cm~* and 2849 cm™~! correspond to a ZPL originating from a defect center under
laser beam, Si Raman signal, hBN Raman signal, PSB ~160 meV away from the ZPL
and a secondary PSB ~160 + 140 meV away from the ZPL, respectively.

After observing strong and stable single photon ZPL emissioin from hBN, a graphene
layer was transferred on the hBN flake to observe a static quenching of the single pho-
ton emission by Forster resonance energy transfer. Thus, depending on the distance be-
tween the defect center in hBN and the graphene layer, the emission energy was non-
radiatively transferred to the graphene layer. Analyses of these experiments are based
on the graphene Raman signals, D, G and 2D, besides hBN and Si Raman signals. In
Fig.4.20, the inset is an optical image of the graphene layer on hBN flake. As seen, hBN
is under the graphene edge, thus half of it is under the graphene and the other half is
not. The spectrum includes peaks at 520 cm™!, 1369 cm™!, 1589 cm ™! and 2686 cm™!

3300 cm~! which are Si Raman signal, hBN Raman signal, D and G Raman signals of
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Figure 4.18. (a) Optical image of a hBN flake by 50x magnification (b) Raman shifts
of silicon substrate and hBN as well as zero-phonon line emission with
phonon sidebands from a single defect.

graphene layer, respectively. The last peak is a ZPL from a defect center.

First we analyzed the optically active defect centers in hBN flakes. We recorded
the coordinates of the position of defects on the substrate on a XYZ scanning table under
the microscope of our Raman/PL set up. The coordinates of a defect center under the
laser beam were adjusted for the observation of most intense ZPL peak. We identified
about 50 different defect centers from different hBN flakes on the same substrate, a thin
graphene layer was transferred by using the transfer procedure explained in the previous
sections. All the pre-analyzed defect centers were analyzed again with under the same
optical conditions and exposure times. In that way, we compared the data before and after
graphene transfer to observe the quenching of the single photon emission. For some of
the samples, this cycle was repeated by a second and a third layer graphene. In Fig.4.20,
a second layer graphene transferred sample is shown, representatively. On the edges the
first and second layer can be differentiated by contrast difference.

We compared the effect of graphene near a defect center on observed ZPL emis-
sion from a defect centers in an hBN flake. However, it is known that the stress of the
graphene due to the hBN flake height and thickness leads to break the graphene and causes
wrinkles around the flakes. This affects the structural and optical properties of graphene

and coupling efficiency with the emission.
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Figure 4.19. The Raman active modes of graphene, 2D and G are seen in spectrum. In
the inset optical image of graphene and an hBN is shown.

Figure 4.20. (a) Photoresist on graphene and Cu foil immersed into the acid solution to
dissolve Cu foil. (b) Photoresist on graphene is placed onto the Si substrate
which already have a layer of graphene and heated on hotplate. (c) Two
layer graphene transferred on Si substrate is seen with some wrinkles and
holes.
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4.5. Summary

In this chapter, the experimental setup including Raman spectroscopy, photolu-
minescence and Hanbury Brown Twiss interferometry is explained. The general spectro-
scopic characteristics of WSy and WO3 samples used in the study were also examined
with their preparation techniques in detail. After that, optimization of a general 2D ma-
terial transfer procedure was carried out. 2D materials are generally grown by a CVD
technique on Cu foils. To integrate them with electronic chip applications as in optoelec-
tronics, photonics etc. They need to be transferred from Cu foil to a suitable substrate,
most generally a Si-based one. In this work, we optimized a successful transfer proce-
dure for graphene. We characterized the graphene before and after its transfer by optical
microscope and Raman microscope. This procedure can be used for other 2D materials
that have similar layered structure with graphene. Thus the procedure was performed on
a few layers of hBN grown on Cu foil by CVD, although optical contrast is observed the
Raman signal of hBN by 532 nm and 633 nm laser excitations could not observed. This
because of wide bandgap of hBN (~ 5.9 eV). Thus, dropcasted hBN flakes were used in
this study. The general spectroscopic characteristics of hBN and hybrid graphene-hBN

samples were also examined along with their preparation techniques as well.
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CHAPTER 5

SINGLE PHOTON EMISSION FROM DEFECTS IN WO;
AND PLASMON EFFECT

Alternative room temperature single photon sources are under intense investiga-
tion such as transition metal dichalcogenides (TMDCs) as layered materials (Tran et al.
(2017)), lead halide perovskite quantum dots (PQDs) (Utzat et al. (2019)), graphene quan-
tum dots (Zhao et al. (2018)), and gallium nitride (GaN) (Berhane et al. (2018)). The
origin of the emission over a wide temperature range from cryogenic to room temperature
generally results from discrete energy levels generated by the defect (color) centers within
the band gap of the material (Wong et al. (2015)). Therefore, the emission can be observed
in a wide spectral range from the ultraviolet to the visible region (Tran et al. (2016)). So
far, defects in materials such as diamond, ZnO, SiC and hBN have been extensively stud-
ied (Kurtsiefer et al. (2000); Neitzke et al. (2015); Gordon et al. (2013)). However, spec-
tral diffusion of the observed emission from defects in hBN limits the photon coherence
time, which increases the minimum line widths obtained in the photoluminescence mea-
surements and makes the sequential photon emissions to be indistinguishable (Sontheimer
et al. (2017)). Therefore, investigation of alternative materials has been accelerated in re-
cent years. Among these, the most investigated materials are TMDCs such as MoSes,
MoS,, WSe, and WS,, which are widely studied for use in many optoelectronic applica-
tions (Srivastava et al. (2015)). TMDCs have unique band structure features with a large
bandgap, non-equivalent valleys and adjustable optical properties (Dong et al. (2017)).
In addition, the ability to observe strong Zeeman shifts is important in potential photon
indistinguishability applications (Aharonovich et al. (2016)). The observed single photon
emission is due to localized (Frenkel), weakly bound excitons (Tonndorf et al. (2015)).
Excitons can be trapped into potential wells as a result of vacancy defects, impurity atoms,
or local stresses, thereby increasing radiation stability (Raj and Tripathi (2019); Rosen-
berger et al. (2019)). Due to the small exciton binding energy of these materials, single
photon emission can be observed at cryogenic temperatures only which limits their prac-
tical applications (Aharonovich et al. (2016)). However, a study has been reported on
increasing the single photon emission temperature up to 160 K by interaction of TMDCs

with plasmonic nano-cavities (Luo et al. (2019)). Another method of observing single

84



() (b)

- Si Raman
L Humidity

0 2 4 6 8
Excitation Power (mW)

©
A T T T T T T T
3000f | Exc. Power (mW),
—0.076
“ —0.150
-
c ~0.220
C B -
5 2300 —0.360
% Humidity — 5
£ s | 1,040
£ 2000 - | I 1300 ]
©
s —1.700
>
G —3.120
< 15001 3900
= —4.800
6,000

540 580 620 660
Wavelength (nm)

Figure 5.1. (a) Optical image of a WS,. The red circle represents the laser exposure
spot where the spectra are recorded. (b) Excitation power dependent inten-
sities. (c¢) Excitation power dependent spectra. The intensities are increas-
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photon emission at room temperature is creating covalently bound oxygen or sp® defects
(He et al. (2017); Ma et al. (2015)). Accordingly, in a recent study, it was reported that
single photon emission was observed from WO; defects occurred after thermal annealing
of WS, (Tran et al. (2017)). It is seen that TMDCs can be a single-photon source at room
temperature and the necessity of new studies in this field has been demonstrated.

In this study, first it is clarified that the main source of the room temperature emis-
sion is defects in WOj itself, not the trapped excitons of WS, host material. We showed
that efficient and stable fluorescence at room temperature is obtained from localized sin-
gle defect centers of annealed WOs3. Then, the structural and optical characteristics of
observed localized emission from WOj are studied. To increase the brightness and de-
tectability of the emission we introduce gold nanoparticles as plasmonic resonators for
weakly coupling with the individual color centers (Nguyen et al. (2018); Iff et al. (2018);
Hoang et al. (2016)). The resulting emission enhancement which is about ~10° times, can
be clearly demonstrated. The results are promising for the future applications of single
photon emitters in WOj3 for both TMDC hosts and integrated nanophotonic and plasmonic
devices. To further clarify the source of the single photons in WOj3, we also carried out a
computational investigation of the most promising color center candidates using a density
functional theory (DFT) approach. We were able to obtain a good agreement between the
experimental observations and DFT computations for the characteristics of defect states in
WOs. Our results contribute to a better understanding of source of the room temperature

emission from the defect centers in WOs.

5.1. Single Photon Emission from Defects in WS,

The dropcasted WS, samples were prepared on SiO,/Si substrates according to
the procedure given in the previous chapter. First, a single photon analysis was carried
out on as-grown (before annealing) samples. Optical image of a typical WS, flake on
a Si substrate is shown in Fig.5.1 (a). The red circle indicates the laser exposure spot
on the flake from where the data were collected. Fig.5.1 (b) shows emission spectra of
the same flake taken from three different spots. As we see, there are two peaks besides
the characteristic Raman peaks of WS, and Si substrate, which correspond to the OH-O
and W-OH bond vibrations observed at 554 nm (~ 1405 cm~') and 561 nm (~ 1630
cm™ 1), respectively. These peaks are not of single photon emission but they originate
from humidity related bonds (Misra et al. (2015)).

To avoid confusion, the excitation power dependency of the spectra were recorded
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Figure 5.2. (a) Optical microscope image of as-grown WS, flake. (b) Unstable single
photon emission shown in red frame.

as shown in Fig.5.1 (b-c) where a 514 nm excitation laser was used. Peak intensities
plotted with respect to the excitation power must saturate if the light is due to a PL emis-
sion originating from the defect levels in the band gap of WS, while the intensities of
Raman peaks increase linearly with no saturation. However, as seen in Fig.5.1 (c), the
peak intensities increase linearly for both the humidity (blue dots) and the Si substrate
(red dots) related peaks. Thus, it can be concluded that these peaks are Raman signals but
not photoluminescence originating from defect states.

The peaks recorded from an as-grown WS, flake which is shown in Fig.5.2 (a)
were observed from the defect centers in the flake and they were very unstable and in-
distinguishable (Fig.5.2 (b)). It was clearly understood that these peaks (encircled by a
red frame), were a combination of peaks at different wavelengths ranging from 570 nm to
800 nm. During the measurement the line shapes of these peaks were changing instantly.
Thus, we concluded that it is not possible to carry out further analyses on these samples to
characterize these peaks to confirm their single photon behavior. To improve the stability
we decided to anneal the samples at 550 °C for 30 min (which were found out as the
optimum parameters for stability after a brief survey of a range of temperature and du-
ration parameters) to stabilize the defect structures giving rise to single photon emission.
Annealing is a common method to obtain stabilized emission from defect centers. The re-

sults of Raman spectroscopy measurements after annealing the dropcasted WS, flakes are
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Figure 5.3. (a) Raman Spectra of Si substrate and annealed WS, are shown. (b) Optical
image of a WS, flake on Si substrate.

shown in Fig.5.3 (a) which were recorded from the green point in the optical microscope
image in (d).

Fig.5.4 (a) shows an emission spectrum of such annealed samples (S1, S2 and S3)
each with a different ZPL transition (Tran et al. (2017)) while the second order correla-
tion measurements shown in Fig.5.4 (b) clearly indicate their single photon nature. After
annealing, the emission spectra of our samples were similar to those reported in the litera-
ture. An example of such a spectrum is given in Fig.5.4 (c) for an annealed sample which
was collected from the green spot shown in Fig.5.4 (d). The observed Raman peaks in
Fig.5.4 (c) are those of WS,. Fig.5.5 gives the emission spectra of the same sample spot
for two different excitation wavelengths of the Ar laser in our set up namely, 524 and 488
nm lines. The spectra were plotted in the absolute energy scale to see the Raman modes
shifting with the excitation wavelength while PL signals remaining stationary due to their
energies depending only on the energy differences between the excited and the ground
states of the defects with no dependency on the exciting photon energy (as long as it is
big enough for such an excitation). The broad PL peak in the highlighted region is very
similar to the red peak shown in Fig.5.4 (a). The vertical dashed lines indicates the posi-
tions of the Si Raman signal which was observed at 528.12 nm with 514 nm laser while
at 500.7 nm with 488 nm excitation wavelength (both of which correspond to about 520
cm~! Raman shift).

The linearly polarized emission behavior is another indication of the single pho-
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Figure 5.4. (a) The Photoluminescence spectra were recorded from three individual
spots. The black line belongs to the spectrum of monolayer WS, (Tran
et al. (2017)). (b) Second order correlation measurement results. (¢) Pho-
toluminescence spectrum taken from the green point on (d). The spectra
were recorded by 514 nm CW excitation. (d) Optical image of a WS, flake
on Si substrate.

ton emission. Polarization dependencies were obtained for both excitation polarization
and emission polarization measurements. The excitation polarization dependency of the
intensity of a single photon emission peak is shown in Fig.5.6. Each data point in the
figure was obtained from the maximum intensity position of a PL spectrum of the same

defect at a polarization angle of the incident light.

5.2. Single Photon Emission from Defects in WO;

After a series of comprehensive studies with WS, it was necessary to show that
PL emissions indeed originate from WO; defect phases in WS, flakes as reported in the
literature Tran et al. (2017) based on their XPS analyses. For that reason, we carried out
similar studies on annealed WOj flakes as well. The annealing were carried out at 550 °C

for 30 minutes (which is the same as that for the WS, samples).
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Figure 5.5. Photoluminescence spectra from a defect center in annealed WS, flake
on Si substrate were recorded by 514 nm (above) and 488 nm (below)
excitation wavelengths.

A typical WOj3 flake on Si substrate is shown in Fig.5.7 (a). The green dot in-
dicates the laser exposure spot on the flake where the data was taken from. As seen in
Fig.5.7 (b), the green spectrum recorded from the flake in (a) has two peaks besides the
Raman peaks of the WO3 flake and the Si substrate. These are Raman peaks correspond-
ing to the OH-O and W-OH bond vibrations observed at 554 nm (~ 1405 cm™!) and
561 nm (~ 1630 cm™!), respectively. As before, they are humidity related peaks with
no single photon nature (Misra et al. (2015)). The other colored spectra were recorded
from different flakes which do not show humidity peaks. The spectra in Fig.5.7 (b) were
recorded using the 514 nm laser. To prove the humidity peaks are indeed Raman signals
but not PL, we also used the 488 nm excitation. The spectra of the same spot for both
excitations is shown in Fig.5.7 (¢). Clearly all Raman peaks follow the exciting laser en-
ergy while PL emission remains stationary on the absolute energy scale. Hence the above
mentioned humidity peaks are indeed Raman peak not originating from any defect states.

A PL spectrum recorded from an annealed WO3 flake on a Si substrate is shown
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Figure 5.6. The excitation polarization and emission intensty of defect center.

in Fig.5.8 (b). The yellow highlighted broad peak is very similar to the yellow PL peak
in Fig.5.8 (a) reported by Tran et al. (2017) from annealed WS, samples. The dotted
yellow arrow shows the similar two peaks which are the yellow data in (a) and the data
in yellow frame (b). The Ref. Tran et al. (2017) claims that the broad and bright peaks
originate from WO; defect phases in annealed WS,. In contrast, the data recorded in our
studies were directly taken from WO; flakes (such as that given in Fig.5.8 (b)). Hence,
our measurements taken directly from WOj3 confirms the claim of Ref. Tran et al. (2017).
That indeed the reported single photon emission comes from the defects in WO3 but not
from WS,. By comparing the yellow spectrum of Fig.5.8 (a) and our data in Fig.5.8 (b)
we can identify the small peak on the left edge of the PL emission in Fig.5.8 (a) as a
humidity peak as mentioned above.

The phonon side band (PSB) transitions associated with the single photon emis-
sion (ZPL) have energy differences equal to the energy difference between the vibrational
levels of the system. These are four dominant phonon modes of WO3 observed at 99.5
meV, 88 meV, 40 meV and 33.6 meV in their Raman spectra and called as phonon side
bands (PSBs). In Fig.5.9, we identified the positions of these PSBs. Even though these
PSBs do not show well resolved peaks they cause broadening a broadening in the PL
signal.

Optical properties of the broad and bright emission from a defect center in WOs

flake (Fig.5.8 (b)) was analyzed and shown in Fig.5.10. The two dimensional PL. map
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Figure 5.7. (a) Optical microscopy image of a typical WO; flake on Si substrate. The
colored dots represent the points where the same colored spectrum shown
in (b) were recorded. (b) WO3 PL spectra recorded from four different
points of the flake. (c) The green spectrum in (b) which has humidity
peaks, excited by 514 nm laser (green) and 488 nm laser (purple).

of the WO3 flake and its optical microscope image are shown in Fig.5.10 (a) and (b),
respectively. The brightest (most intense PL) spot on the map refers a localized emission
from a single defect center. Furthermore, dipole properties of the emission was also
characterized in terms of excitation (black) and emission (red) polarization dependencies
(Fig.5.8 (c)) at room temperature. The linear polarization dependency indicates single
dipole behavior. The experimental data can be fitted to a theoretical calculation given by

the following equation for a linearly polarized light (Fig.5.8 (c), solid lines):

I = IB + 100082(8 + Hoffset) (51)
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Figure 5.9. Single photon emission (ZPL) from a localized defect center in WO3 and
its phonon side bands.

where Ip and Iz + [, are the minimum and maximum values of the PL intensity, ¢
corresponds to excitation polarization angle and 0. is the angle corresponds to the
maximum emission intensity. The spectra which were used to extract the polarization
versus emission intensity relation graph in Fig.5.8 (c) were recorded under the saturation
excitation power value which is less than 1 mW.

Additionally, the excitation power versus emission intensity saturation relation is
seen in Fig.5.8 (d). The red and black dots belong to experimental data and the solid lines
extracted from the theoretical fits using the relation which was described in Chapter 2 in

detailed,

P
I = [, ——— 52
Psat+P ( )

where /., , Py, are the emission rate and excitation power at saturation, respectively.
The spectra which were used to extract the excitation power versus emission intensity
relation shown in Fig.5.8 (d) were recorded under the excitation polarization of maximum
intensity. The position of the laser spot on the sample was optimized via the XYZ stage

control to observe the maximum intensity of the emission. Silicon Raman peak intensities
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Figure 5.10. (a) 2D PL map and (b) optical microscopy image of the WOj3 flake on Si
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were extracted from the same spectra recorded for each excitation power values. The Si
Raman intensities are linearly increasing, while the emission intensities saturates after
excitation power of 3.9 mW. This is another indication of the emission obtained from

discrete energy states in the band gap of WO3.

5.3. First Principles Calculations on Oxygen Defect in WO;

The structural properties of WOj3 has important effect on electronic and optical
properties. To better understand and explain the structural, electronic, optical properties
and defects for a many-electron system, density functional theory (DFT) calculations are
very useful and common method. In that way, to solve the Schrédinger equation and
obtain the wave function of the system some approximations must applied. Than, the
allowed energy states of the system also can be determined.

The Born-Oppenheimer approximation which was put forward by Max Born and
J. Robert Oppenheimer in 1927 (Born and Oppenheimer (1927)), reduces the number of
degrees of freedom hence reducing the computation time greatly. In this approximation
since the mass of nuclei are greater than that electron’s, the nuclei are assumed to be static
and classical particles. After that the interaction between the electrons should be reduced
from N-electron system to one central electron system. To that aim one of the approx-
imations methods is the DFT method. In this method, electron density which has three
degrees of freedom is a function of space and time. Hence, the dimension of /V the inter-
acting electron, 3N, can be reduced to 3. This approach mainly makes the calculations
easier.

The electron density based theorem was formulated by Hohenberg and Kohn in
1964 (Hohenberg and Kohn (1964)). According to their theorem, all of the ground state
properties of a system can be determined by electron density and the total ground state en-
ergy of the system is a functional of the density. The Schrodinger equation of the system is
described by these approximations and the total energy is obtained in terms of ion-electron
potential energy, ion-ion potential energy, electron-electron energy, kinetic energy and the
exchange-correlation energy. The kinetic energy, and the exchange-correlation energy are
the most difficult terms to calculate. Thus, these are the key factors in DFT. The in-
teraction of two electrons is described by an anti-symmetric total wave function which
produces an exchange energy. The exchange energy is defined by Pauli exclusion prin-
ciple. To define exchange energy there are various functional approximations. The most

known ones are Local Density Approximation (LDA) and Generalized Gradient Approx-
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imation (GGA). LDA assumes the exchange correlation energy is uniform and electron
gas of the density for each part of system is divided into infinitesimal volumes (Ceperley
and Alder (1980)). However, LDA is not a good approximation for rapidly varying elec-
tron densities. Within GGA approximation, gradient of the electron density is included to
deal with these systems. The total energy functional is defined by both electron density
and its gradient which are called semi-local functionals (Perdew et al. (1996)).

In this section, the emission which was characterized as single photon emission
by excitation polarization and power dependent intensity behavior is also explained by
DFT calculations. Based on the results of our DFT calculations we can confidently claim
that the observed single photon emission in WO3 originates from defect states within the
band gap of WO3.

5.3.1. Structural and Electronic Properties of WO;

In order to determine the single photon emission originating from in-gap defect
states, the DFT based first-principles calculations were performed for WOj3 crystal with

and without oxygen defects. It is well known that oxygen vacancies are the most common

o Tungsten

© Oxygen

Figure 5.11. The room temperature monoclinic structural model of WOs;.

form of native defects in any oxide compounds. As discussed in the previous sections,
WOs crystal structure has several phases depending on the temperature range (Matthias

and Wood (1951); Diehl et al. (1978); Loopstra and Boldrini (1966); Cazzanelli et al.
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(1999b); Kehl et al. (1952)). In this thesis study, the experimental observations were
performed mostly at room temperature. Thus, the DFT based calculations were also per-
formed for room temperature phase of WO3 which is monoclinic crystal structure (RT-
WOs) with space group P2;/n. Fig.5.11 illustrates optimized atomic structure of the crys-
tal. The unit cell contains 8 tungsten and 24 oxygen atoms. The lattice parameters a, b, ¢
and [ are found to be 7.53 A, 7.68 A, 7.83 A, and 90.3, respectively. Additionally, Bader

charge analysis indicates that each tungsten atom donates 0.9 e to oxygen atoms.

Energy (eV)

Figure 5.12. The electronic band dispersion of RT-WOj3. Red lines belong to calcula-
tions performed by GGA, and blue lines refer to HSE06 approximation
added.

We first calculated the electronic band dispersion curves of RT-WO3 to confirm
the reliability of our method. The results of the calculations are shown in Fig.5.12. The
calculations based on GGA show that the crystal produced a direct band gap of 1.29 eV at
the I' point. It is known that bare-GGA based calculations underestimate the experimen-
tally observed band gaps which should be over 3 eV for WO;3. Therefore we included a
correction functional, that is HSEQ6, in our calculations to obtain more precise electronic
band gaps. The hybrid functional calculations including the HSE06 correction yielded a
band gap energy of 3.05 eV, which is satisfactorily close to the experimentally observed

band gap (Koffyberg et al. (1979); Bringans et al. (1981)).
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5.3.2. Vibrational Properties of WO;

To reveal the nature of the measured Raman modes, we also investigated the vibra-
tional properties of RT-monoclinic WOj in detail by DFT based calculations. The phonon
band dispersions were calculated using the small-displacement method as implemented
in the PHONOPY code. A 2x2x1 supercell was used for the phonon band structure cal-
culations of the crystal. The calculated Raman modes of the crystal are shown in Fig.5.13
with red vertical lines. As seen in the figure the four calculated prominent Raman ac-
tive modes are very well compatible with the experimentally observed Raman peaks of
RT-WO;.
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Figure 5.13. Experimental Raman spectrum of RT-monoclinic WOj3 and calculated Ra-
man activities are shown with black and red lines, respectively.

The agreement with the experimental results is almost perfect for the two low
energy phonon modes while the method underestimates the position of the high energy

Raman modes by about 25 ¢cm™!

as seen in Fig.5.13. The reason for this high energy
discrepancy in the calculations is most probably due to the fact that while the calculations
were carried out for zero K lattice temperature, but the actual Raman measurements were
performed at room temperature. It is well known that unharmonic effects become quite

important at high energies thus yielding smaller energies for the higher energy vibrational
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states than the lower ones. Thus, we can claim that high energy Raman modes are effected
more at high temperatures than the low energy ones. Hence, this is the reason of the

observed difference.

5.3.3. Structural and Electronic Properties of Oxygen Vacancy in

WO;

Native defects such as host atom vacancies, antisite defects and foreign atoms
always exist in all materials to some extend and they affect the electronic and optical
properties of the material. Thus, investigation of their effects has importance in many
material-based applications, especially for the single photon sources. In RT-WOj3 oxygen
vacancy is considered to be energetically much more favorable than other type of point
defects. Hence, we wanted to see if oxygen vacancies would indeed yield defect states in
the band gap of WOs in our calculations. In order to investigate the effect of O vacancies a
2x2x1 supercell of WOj3 is used. Fully optimized geometric structure of such a supercell
of WOj3 crystal in the presence of a single O atom vacancy is shown in Fig.5.14 (a) and
(b). The missing O atom is along the @ direction is shown in Fig.5.14 (a), while it is
along the b direction in (b). As shown in the figure, the W atoms closest to the removed
atom move in the opposite direction away from the vacancy. Compared to the defect-free
crystal, when O atom is removed the lattice parameters a and b increase by 0.4% and
3.6%, respectively, whereas the lattice parameter ¢ decreases by 2.9%. Moreover, the
decreases to 90.1.

In order to properly describe the electronic structure of WO3 with O vacancy de-
fect, the PBE and HSEO06 methods are used together. Due to a very high number of atoms
for a proper supercell (the supercell with an oxygen vacancy must contain hundreds of
atoms to avoid structural changes), electronic energy dispersion curve calculations were
not computationally possible. Thus, we carried out calculations only for the electron den-
sity of states for the WOj3 crystal with oxygen vacancies. At the right panel in Fig.5.14
the calculated partial density of states of WOj3 crystal with O defect are shown. It is seen
that formation of different O vacancy defects in WO3 leads to several midgap states that
are not seen in the defect free calculations. It is calculated that the defect energy levels
are located above the VB maximum in the range of 1.74-3.05 eV (712-406 nm) and 1.33-
2.7 eV (932-459 nm) for the O vacancy defects positioned along b and (b) @ directions,

respectively.
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Figure 5.14. On the left, top views of an oxygen vacancy defect structure in 2x2x1 su-
percell, and on the right partial density of states (PDOS) of RT-WO3 with
oxygen vacancy defect structures are given. On the left, the structures of
(a) O vacancy along b and (b) @ directions are shown. The black atoms are
the removed oxygen atoms.

5.4. Low Temperature Optical Characteristics of WO;

Low temperature optical characteristics of WO3 and luminescence from defect
centers were analyzed in this section. First, phase transition around -140 °C of WO3 was
observed by photoluminescence measurements. After that, single photon emission from
defect center in WO3 was analyzed with respect to varied temperatures. Temperature of
the samples were varied down to -195 °C from room temperature in a Linkam THMS
600E cooling stage (see in Fig.3.3) for the optical measurements which were explained in

this section.
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5.4.1. Low Temperature Raman Spectroscopy Analyses of WO;

According to the experimental studies, the reported phases of WOj5 are as follows;
monoclinic e-phase from 5 to 278 K, triclinic J-phase from 248 to 290-300 K, monoclinic
~v-phase from 290-300 to 600 K, orthorombic 600 to 1010 K and tetragonal up to the
melting point 1746 K (Cazzanelli et al. (1999a)). Accordingly, energy band structure of

@ (b)
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Figure 5.15. Temperature dependent Raman spectra of an annealed WOj5 flake. (a) Ra-
man spectra were recorded by 150 gr/mm and (b) by 600 gr/mm.

WO3; varies with phase variations with changing temperature which eventually leads to
changes in electronic properties. The RT phase is monoclinic with a bandgap of 2.80
eV while the structure becomes the low temperature monoclinic phase under -140 °C
with a 3.14 eV bandgap energy which was also calculated using a HSE06 hybrid density
functional in the DFT method (Di Valentin et al. (2013)).

Fig.5.15 summarizes our temperature dependent Raman measurements from the
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Figure 5.16. Temperature dependent Raman spectra of an annealed WOj5 flake. (a) Ra-
man spectra were recorded by 150 gr/mm and (b) the selected spectra.

annealed WOj3 samples with varying temperatures starting from 23 °C down to -195
°C. Clearly a phase transition at temperatures below -140 °C sets in modifying the ob-
served Raman spectra which indicates a transition to the low temperature monoclinic
phase as stated earlier. The Raman peaks observed at 714.3 cm~! and 807.5 cm~! orig-
inate from antisymmetric and symmetric stretching vibration modes; v(W—0O—W) and
v(O—W—-0), respectively (Daniel et al. (1987); Xu et al. (2015)). As temperature goes
below -140 °C, these peaks split and shift as seen in Fig.5.15. (We note that, the data
in Fig.5.15 (a) were recorded using a 150 gr/mm grating while a 600 gr/mm grating was
used for those Fig.5.15 (b)). The phase transition at -140 °C is seen more clearly from
the black colored spectrum in Fig.5.15 (b). The peak centered at 807.5 cm™! at RT was
shifted down to 797.7 cm~! when the temperature was cooled down to -195 °C. Also,
the measurements performed with the 600 gr/mm grating revealed more detailed features.

The peak at 808 cm™! is split into two components at 805.6 cm™* and 797.3 cm™! which
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Figure 5.17. Temperature dependent Raman spectra of an annealed WOj5 flake. (a) Ra-
man spectra were recorded by 600 gr/mm and (b) the selected spectra.

was only seen as a broadening in the spectra taken with the 150 gr/mm grating. The peak
at 714.3 cm~! was observed at RT by 150 gr/mm, and it split two peaks at 709.4 cm™!
and 684.7 cm™! below the transition temperature. However, this peak was observed at
717.4 cm™! (the difference is possibly due to a calibration error in the 150 gr/mm mea-
surements) and it was split into two different peaks at 717.4 cm~! and 687.4 cm~ below
the transition temperature. Additionally, a new peak at 640 cm~! was showed up at -195
°C. In the 600gr/mm measurements, this peak was observed at 642.8 cm~'. The other
two RT Raman active modes observed at 275.2 cm™! and 326.7 cm™! are the bending
vibrational modes d(O—W—0) (Daniel et al. (1987); Xu et al. (2015)). In 150 gr/mm
measurements, the peak at 275.2 cm™* does not shift, whereas it shifts to 279 cm™! in
600 gr/mm measurements (Fig.5.15 (b)) below the transition temperature. The bending

vibrational mode at 326.7 cm ™! shifted to 331.9 cm™! while somewhat losing its intensity
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L and

after the phase transition. In 600 gr/mm measurements, this is seen at 330.4 cm™
shifted to 336.7 cm™~! below -140 °C.

At this point, it is important to clarify that the phase transition behavior observed
from the Raman measurements strictly depends on the geometry of WO; particles in the
shapes such as nanoparticles and nanowires, which show different characteristic peaks
(Thummavichai et al. (2018)). There are many studies in the literature to understand the
phase transition characteristics of different kind of WOj3 nanostructures, which is essential
to develop new technologies based on WOj3 nanostructures. Thus, Raman spectroscopy
is a very useful technique to reveal the phase transition characteristics of the materials
due to high sensitivity to bonding and atomic position changes in the lattice. Fig.5.16 and

Fig.5.17 also show temperature dependency of Raman spectra of WO3 flakes with similar

results as those for the spectra in Fig.5.15.

5.4.2. Photoluminescence Analyses of Defects in WO3 at Low

Temperatures

After confirming structural characteristics of WO3 samples with Raman spec-
troscopy, single photon emission properties from the defects in WOj3 flakes were studied
at various temperatures ranging from room temperature (RT, 23 °C) down to -195 °C. All
the spectroscopic measurements discussed in this section were performed with the 514
nm laser excitation beam. In Fig.5.18, the excitation polarization dependency of the PL
emission from two different defect centers in different WOs5 flakes are shown. The WOs3
flakes are seen as black regions in the optical microscope images as seen on the right. The
maximum intensities were observed at 140 and (b) at 80 degree polarization angles. In
Fig.5.19, emission spectra from two different defect centers are shown in (a) and (b) as a
function of sample temperature. The defect centers were excited at the maximum inten-
sity polarization angles. The weak peak observed at 528 nm is the main Raman phonon
mode of the Si substrate.

The emission peaks observed from the defects in WOj are very broad compared to
those from the other room temperature defect related single photon sources such as those
in hBN. To improve the emission characteristics of the SP sources in WO3, we carried
out measurements at decreasing sample temperature down to -195 °C. As temperature is
decreased from RT, the density of phonon will also decrease, hence leading to decreases

in the phonon interactions with the defect centers which should eventually improve the
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Figure 5.18. Excitation polarization dependent PL intensity from two different defect
centers in annealed WOj flakes. PL spectra were recorded by 150 gr/mm
and 514 nm excitation source. At the right the optical microscope images
of the flakes are shown.
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Figure 5.19. Temperature dependent Photoluminescence spectra from two different de-
fect center in annealed WOj3 flakes. PL spectra were recorded by 150
gr/mm and 514 nm excitation source.

intensity and sharpness of the single photon emission peak observed from the defects
in WOs3. As seen in Fig.5.19, the broad peak splits into two or more components with
different wavelengths. In (a), the split peaks are 42 nm away from each other, whereas
in (b) the difference is 36.4 nm. The reason could be that there are more than one defect
center under the beam and recorded spectrum may belong to both of them. The energy
differences are about 144 meV and 120 meV for both defects which are more than 99

meV. So they are far away from the ZPL phonon side bands.

5.5. Single Photon Emission Enhancement by Gold Nanoparticles

Another way to improve the single photon emission characteristics from the defect
centers in WOj3 are due to their interactions with resonant plasmonic excitation. For that

purpose, we introduced gold nanoparticles (NP) on WOj5 flakes on Si substrates. First a
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Figure 5.20. Reflection spectra for various annealing (a) temperatures and (b) durations.

4 nm thick gold film was deposited on a Si substrates. Then the samples were annealed
at various temperatures and durations. Annealing transforms the gold film into many
isolated parts due to dewetting and cohesive forces. After cooling, each parts turns into a
particle of a few tens of nanometer in diameter depending on the annealing temperature
and duration. The plasma frequency of each gold particle depends on the size of the
particle as given in the theoretical section.

In this part of the study, we first examine the effect of annealing conditions on the
emission characteristics of the defect centers in WO3. Fig.5.20 gives the reflection spectra
for various annealing temperatures and durations. As seen from figure (a), the increased
annealing temperature, at a fixed 40 min annealing time, shifts the reflection peak from
572 nm to 538 nm which is close to the 514 nm excitation source wavelength. This shift
to high energies is due to decrease in the size of the nanoparticles. As the NP plasmonic
oscillation frequency gets closer to the frequency of the emission from the defects in WOg,
the coupling between the defect center and NP plasmons intensifies, leading to resonance
enhancement of the single photon emission from the defects. Additionally, as seen in
Fig.5.20 (b) the increased annealing time is also useful to obtain the closer resonance

frequency to the excitation source. After 30 min there is not a dramatic affect.
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Figure 5.21. PL spectra recorded from a WO3 flake (blue) and about 1 um distance
away from the defect center in WO5 flake (green) shown in the inset. In-
tensities of the spectra are for 1 sec exposure counts. The green spectrum
is shown to clearly understand that there is no background effect of gold
nanoparticles.

After gold nanoparticle deposition, an excitation power dependent emission in-
tensity series were recorded using the 514 nm excitation wavelength of the Ar laser (in
Fig.5.22 (a)). All intensity values with respect to excitation laser power were recorded
individually as counts per second. As seen in in Fig.5.22 (a), intensity of the emission
increases linearly at small excitation powers, then it asymptotically approaches to a sat-
uration value at high excitation powers. This saturation behavior is a clear evidence for
the single photon nature of the emission. Incidentally, at high emission powers the na-
ture of the defect center changes a little which causes a downward shift in the emission
intensity. To correct for that shift we first chose the intensity data obtained at a definite
excitation power in the low power linear regime as a reference. After carrying out each
high power measurement the intensity at the reference power was checked. The reduc-
tion ratio in the intensity at the reference power was used to obtain the correction factor
(inverse of the reduction ratio) for each high power measurement. Fig.5.22 (b) illustrates
the reduction in the intensity for the reference power of 0.2 mW after a measurement at
the saturation power of 3.1 mW. After this reference power value the reference intensity

begun to decrease because of the over excitation by the plasmonic effect. The corrected
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Figure 5.22. (a) After gold nanoparticle deposition, the excitation power dependent in-
tensity variation of an emission. The circles represent the intensities of the
emission and the dots are intensities of Si Raman signals extracted from
the same spectra. The solid lines are theoretical fits. (b) The low power ex-
cited emission intensity decrease after exposure to a high power to obtain
the saturation curve of the power series.

data are shown in Fig.5.22 (a) as green dots above the black dashed line while the raw
measurements are given with red data points. The theoretical fit was applied after cor-
rection for high power measurements in the saturation regime from which the ultimate

saturation power value was calculated as 3.1 mW.

5.5.1. Statistical Analyses of Emission Enhancement

It is natural to study the emission of a particular defect center before and after
the introduction of gold nanoparticles. However, such an introduction changes the nature
of a particular defect modifying its emission characteristics beyond the resonant interac-
tion. Thus, it is very impractical to observe a particular defect center. For that reason,
a statistical approach is more appropriate to have a comprehensive understanding of the
resonance enhencement from the nanoparticles on the emission characteristics of defects.
The resonance enhancement of the emission by plasmonic gold nanoparticles depends on
many factors as explained in Chapter 2. In Fig.5.23 (a), the excitation power dependent
intensity series before (black) and after the introduction of gold nanoparticles (red) from

the defects in a WO3 flake is shown. The optical image (b) and excitation/emission po-
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Figure 5.23. (a) Before (black) and after (red) gold nanoparticle deposition, the excita-
tion power dependent intensity variation of the emission from same defect
center. The circles represent the intensities of the emission and the solid
lines are theoretical fits. (b) the optical image of the WO; flake before the
gold nanoparticle deposition. (c) Excitation (red) and emission (black) po-
larization dependent intensity variation of the emission. The solid lines are
theoretical fits

larization dependencies (c) are also given. As seen from the power series, the maximum
intensity values increase more than 20 folds after the gold nanoparticle deposition. After
a series data collection in Fig. 5.24 four different power series of different emission cen-
ters were plotted before and after nanoparticle deposition. These series yield an average

enhancement factor of more than 20 times.

5.6. Summary

In this chapter, the defects in WO3 on Si substates were investigated as room
temperature SP sources. The unstable emission from the defect centers in the as grown

samples were stabilized after annealing them at about 500 °C for 40 min. Annealing also
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Figure 5.24. (a) Before (black) and after (red) gold nanoparticle deposition, the excita-
tion power dependent intensity variation of the emission are shown. The
circles represent the intensities of the emission and the solid lines are the-
oretical fits.

leads to decrease in the multi-photon emission. It was shown that efficient and stable
room temperature luminescence from annealed WOj3 defects centers was obtained. Fur-
ther analyses of the structural and optical characteristics of these localized emitters were
performed in detail. To confirm the observed emission originates from point defect in
WOs, a density functional theory (DFT) based first principle computational approach was
carried out. Hence, we concluded that oxygen vacancies, which yielded mid-gap states,
were the most possible cause of the observed single photon emission.

A further study was performed to increase the brightness of the emissions at RT.
For that purpose, we introduced gold nanoparticles as plasmonic resonators which ex-
hibits weak coupling with the individual emission centers (Nguyen et al. (2018); Iff et al.
(2018); Hoang et al. (2016)). After the introduction of gold nanoparticles near WOj5
flakes, emission intensity enhancement of more than 20 times were clearly observed.

These results are promising for future applications of WOj3 based SP emitters, either stan-
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dalone or inside a TMDC host, in terms of integrated nanophotonics and plasmonic de-
vices. We are confident that our results will contribute to the understanding of the nature

of defects as room temperature SP emitters in WOs.
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CHAPTER 6

ENERGY TRANSFER BETWEEN A SINGLE PHOTON
EMITTER IN HBN AND GRAPHENE: QUENCHING
EFFECT

Nowadays, one of the most crucial research areas in the development of quantum
optics technology is control of single photon (SP) emission at room temperature. A cou-
pled system with graphene based on Forster resonance energy transfer (FRET) mechanism
provides a convenient way to modulate the emission. Graphene is 2D and nearly trans-
parent semimetal with honeycomb structure and possesses high carrier mobility (Bolotin
et al. (2008)). Furthermore, it exhibits broad absorption across the visible spectral range
by exciting electron-hole pairs (Bolotin et al. (2008)). Thus, an emission near field dis-
tance to the graphene is quenched with the rate of d=* for 2D materials (Swathi and
Sebastian (2009); Kim et al. (2010); Federspiel et al. (2015)). There are variety of reports
on FRET-based graphene hybrid nanomaterials such as nanocrystals (Federspiel et al.
(2015); Guzelturk and Demir (2016); Yu et al. (2015)), dye molecules (Kim et al. (2010);
Treossi et al. (2009)), nitrogen-vacancy centers (NVCs) in diamond (Tisler et al. (2013)).
The exceptional fluorescence quenching ability of graphene also widely used in appli-
cations such as biosensors (Tang et al. (2010); Wang et al. (2011)), nanoposition sensor
(Mazzamuto et al. (2014)) and fluorescence quenching microscopy (Stohr et al. (2012)).

Furthermore, optoelectronic device applications are under review about reversible
control of emission quenching rate by tuning the optical properties of graphene (Wang
et al. (2008)). Recently, gate-controlled graphene emitter seperation is used to modulate
emission from NVCs in nanodiamonds which are SP emitters at 3 K (Reserbat-Plantey
et al. (2016)). Additionally, graphene is used to control light emission from quantum
dots (QDs) which are used for light-emitting applications (Salihoglu et al. (2016); Lee
et al. (2014)). Considering all these reports, emission quenching depends on both the
emitter-graphene distance and doping level of graphene that leads Fermi energy shifting
and modulates FRET properties.

In this thesis we report, for the first time to our knowledge, a graphene hybrid
atom-size level device to reversible control of SP emission at room temperature. Graphene

is placed near field distance of the SP emitter in hBN. Additionally, we use ionic liquid
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(IL) based electrolyte gating in a large area device to modulate Fermi energy as large
as 1.2 eV (Polat and Kocabas (2013)). Indium tin oxide (ITO) is used on the top as
a traditional transparent conductive electrode. The designed capacitor leads to switch
on/off and gradually modulate SP emission via gate voltage in the visible spectrum.

In this chapter, first the analyses of single photon emission from a defect centers
in dropcasted hBN flakes are given. The PL spectrum, excitation and emission polariza-
tion dependency and excitation power dependency of the emission intensity are analyzed.
Then energy of the single photon emission is non-radiatively transferred to graphene when
it is placed close enough to the emitter. In previous sections it is determined that the en-
ergy transfer rate depends on the distance between the emitter and graphene as d—*. Thus,
first we showed the static quenching of the single photon emission by analyzing the PL
spectrum before and after coupling with graphene. To achieve total quenching, additional
individual graphene layers will be transfer on the same defects. In that way, the single
photon emission was closed off as a reversible switch. Finally, reversible energy transfer

by modulating Fermi level of graphene was shown.

6.1. Irreversible Energy Transfer: Static Quenching

Recent works reported that defect centers in hBN are optically active single pho-
ton (SP) emitters (Tran et al. (2015, 2016); Martinez et al. (2016)). In contrast to other 2D
materials such as MoS, and WSe,, SP emission from defect centers in hBN are observed
at room temperature and over a wide energy range that exceeds 500 meV (Jungwirth et al.
(2016)). These isolated single atom scale emitters provide new opportunities for appli-
cations of 2D materials including quantum information processing technologies, sensing
and quantum computing.

Here hBN flakes were dropcasted on the Al,O3/Si substrate, as explained in detail
in Chapter 4. SP emission from an optically active defect center in hBN was observed and
characterized with its dipole properties, such as ZPL spectrum by excitation polarization
and power dependencies at room temperature. Afterwards, a single layer of graphene
was placed on a pre-analysed hBN as shown in Fig.6.1. As determined in a previously
reported study (Balci et al. (2018)), the graphene layers were synthesized by chemical
vapor deposition (CVD) method on ultra-smooth copper foils. The single layer graphene
was transferred on hBN by a photoresist assisted transfer method which was explained
in detail in Chapter 4. After graphene transfer on top of the hBN flakes all the analyses

which have been performed before graphene were repeated under the same conditions.
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Figure 6.1. (a) Schematic of the studied sample structure is shown with the dropcasted
hBN flakes (yellow) and defect centers (red dots). A single layer graphene
(black line) is transferred on top. Excitation by a 532 nm CW laser (green)
and the emission (colored) in visible spectrum depend on the emission
wavelength are shown by arrows. (b) A single defect is illustrated as a
three-level system. The non-radiative energy transfer rate is krpr. The
band structure of graphene near the K point is seen with Fermi level, E'r.

These before and after graphene transferred analyses results were compared to observe

quenching of the single photon emission.

6.1.1. Energy Transfer from a Single Emitter to Single Layer
Graphene

A schematic representation of SP emission from a defect center in hBN, drop-
casted on Al,O3/Si substrate, is shown in Fig. 6.1 (a). Red dots in hBN flakes (yellow)
indicate defect centers. Excitation by a 532 nm CW laser is represented by a green arrow
and the emission represented by different colored arrows in visible spectrum depend on
the emission wavelength. The emission coupled to the graphene which is represented by
a black line on top of the hBN flakes. Graphene surface has different distances to the dif-
ferent defects, thus the energy transfer rate varies with the distance between the graphene
and the defect center as d~*. Bringing an undoped graphene layer close enough to the
emitter activates a non-radiative coupling channel with a rate krr between the excited
state of the emitter and the graphene (Fig.6.1 (b)).

A defect center in hBN shown in Fig.6.2 had been analyzed before and after
graphene transfer on top of the hBN. The optical image and its two dimensional PL. map

are also shown in Fig.6.2 (a). The brightest spot on the map shows a localized emission
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Figure 6.2. (a) Optical microscope image (left) and the PL map of the same bulk hBN
with a bright and localized emission from a single defect (right). (b) Room
temperature PL spectra of the defect shown in the map before (black) and
after (red) graphene transfer.

from a single defect in hBN. The single defect (donor) behaves like a three-level system
with the given rates between the energy levels shown in Fig.6.1 (b). Placing a graphene
layer (acceptor) close enough to the emitter activates a non-radiative coupling with a rate
krr between the excited state of the emitter and the graphene (Forster-like energy trans-
fer).

A graphene layer in near field (< 50 nm) to the emitter yields nonradiatively cou-
pling between them Reserbat-Plantey et al. (2016); Salihoglu et al. (2016). Nonradiative
interaction between the emission from a defect center in hBN and a single layer graphene
resulting electron-hole pair excitations (i.e., Forster-like energy transfer) is shown in
Fig.6.1 (b). Theoretical (Swathi and Sebastian (2009); Goémez-Santos and Stauber (2011))
and experimental (Gaudreau et al. (2013); Stohr et al. (2012); Kim et al. (2010); Mazza-
muto et al. (2014)) studies are showed that the coupling leads to emission quenching and a
shorter lifetime of the emitters in higher decay rates. The emission quenching raises with
reducing the distance between the emitter and graphene with the order of d—* (Swathi
and Sebastian (2009)). As seen in Fig.6.2 (b), room temperature PL spectra of the defect
shown in the map before (black) and after (red) graphene transfer is proved the statically

quenching of the emission by graphene. The ZPL emission of the defect is observed at
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610 nm. The small peak at 574 nm is the Raman signal of hBN. The ZPL intensity is
quenched by a factor of ~2 (~ 50%) while the Raman signal of hBN is not changed.
Furthermore, a phonon side band (PSB) doublet around 665 nm and 675 nm is seen in
Fig. 6.2 (b). The inset shows a high power spectrum of the defect after graphene transfer
which shows all the Raman shifts of Silicon substrate (520 ¢m 1), hBN (1370 cm™!),
graphene G peak (1631 ¢m '), and graphene 2D peak (2711 ¢m ™). The spectra were
taken with 532 nm CW laser at the same excitation power and polarization conditions.
Dipole properties of SP emission from the optically active defect center in hBN
was also characterized. Its polarization dependency at room temperature, before and after
graphene transfer is shown in Fig.6.3. Again the intensity reduction of a factor of ~2
after graphene transfer indicates a quenching effect of the emission due to a single layer

graphene. The linear transition dipole orientation almost remains unchanged.
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Figure 6.3. The relation between excitation polarization and emission intensity of de-
fect center with before (black) and after (red) graphene transfer shows lin-
early polarized emission.

The experimental data fit (Fig.6.3, solid lines) relation is

I = Ip+ Icos* (0 + Opfpset), (6.1)
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where Ig and I + I, are the minimum and maximum values of the PL intensity, 6 cor-
responds to excitation polarization angle and 0, .. is the angle corresponds to the maxi-
mum emission intensity. The visibility is defined as polarization degree by the following

relation:

1 — I
vV = max min 6.2
[max + ]min’ ( )

where [,,,. and [,,;,, are maximum and minimum intensities, respectively. The visibility
of SP emission at 610 nm before and after graphene coupling are found as 93% and 90%,
respectively. This strong polarization dependency indicates a characteristic single dipole
behaviour (Neu et al. (2011)).

Additionally, the same quenching effect is seen from excitation power versus
emission intensity saturation relation. It is shown in Fig.6.4, the black dots indicate pre-
analysed PL intensities with respect to excitation power and the red dots are the PL in-
tensities of single layer graphene coupled system. The spectra shown in Fig.6.2 (b) and
the high power excited spectrum in the inset were extracted from these excitation power
and intensity relation series. These series were recorded under the excitation polarization
of maximum intensity. Before and after graphene transfer the spectra for each excitation
power were recorded from the same point in the hBN flake (shown in Fig.6.2 (a)) by
optimizing the XYZ stage position to observe the maximum intensity of the ZPL. The

experimental data was fit (solid lines) using the relation, which was described in Chapter
2 detailed,

P
I = Io———, 6.3
Psat_'_P ( )

where [, , P, are the emission rate and excitation power at saturation, respectively, al-
though the saturation power of the emission is not influenced, the saturation emission rate
of before (15, pe) to after graphene (/5. ;) is around 2 as expected from the individual
spectra intensity quenching rates. Silicon Raman peak intensities were extracted from
the same spectra (Fig. 6.4) before (black) and after (red) graphene transfer. The ZPL
intensity is quenched by a factor of ~2 almost at all excitation powers while the Silicon
Raman peak intensity were not quenched after the graphene transfer. This indicates that
the quenched ZPL emission is due to the FRET-like energy transfer between the defect
and the graphene layer.
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Figure 6.4. Excitation power dependent of ZPL and the Silicon Raman peak intensities
extracted from the same spectra before (black) and after (red) graphene

transfer for the same defect.

Furthermore, the PL intensity ratio of pre-analysed (black spectrum) and single

layer graphene coupled (red spectrum) defect center is around 2 which is defined as

Ipg/Iac = 2. Assuming after the coupling the decay rates, ky; = k’zl and ko3 = /{:’23,

have been changed very little to be ignored. Then using pre-defined intensity and decay

rate relations following intensities can be described in terms of decay rates:

Ipa

- ko1 + ka3’

Tac

~ ko1 + kos + krrer

(6.4)

(6.5)

Hereby, the experimental intensity quenching rate 2 can be used to estimate the krpgpr

rate as kFRET = l{21 + k23-

To prove the ZPL corresponds to an isolated defect that emits SPs, correlation

spectroscopy using a Hanbury Brown and Twiss (HBT) interferometer was used. A mea-

sured antibunching curve, ¢®(7), recorded from the defect center is shown in Fig.6.5 and
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Figure 6.5. To identify the single photon character of the emission observed at 610
nm from a localized point in the hBN the second order photon correlation
experiment was performed by HBT setup. (a) The extracted excited state
and metastable state lifetimes from the fit are on the order of 1.65 ns and
1.55 ps. (b) The antibunching dip is seen and it is below the value of 0.5
which is the threshold value to identify a single photon emitter.
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fitted by the following three level model relation (Exarhos et al. (2017)):

gD (1) =1—=p* [(1+a)e V™ —qe /7] 6.6)

Three level model includes bunching at g (7) > 1. The delay time is 7 and the calculated
photon bunching amplitude, a, is 0.14. The extracted emission lifetime, 71, and metastable
state lifetime, 75, from the fit are 1.65 ns and 1.55 us, respectively. The Poissonian
background arising from optical components, the detector quantum efficiency, metastable
states and excitation power affects the overall detection efficiency (Brouri et al. (2000)).
Ideally the antibunching at zero delay time is 1 — % for n emitters. Thus, second order
correlation function is between 0 and 0.5 indicates SP emitter, but background causes to
increase this limit. The Poissonian background is the value of the signal-to-background
ratio, p = S/(S + B), extracted from the fit as 0.88. That increases the ¢»(0) thresh-
old from 0.5 to 0.5(1 + pza) (Exarhos et al. (2017); Brouri et al. (2000)). From photon
correlation measurement of the pre-analyzed SP emission at 610 nm (Fig.6.2 (b)), this
threshold is calculated as 0.554. The antibunching dip at zero delay time is 0.23 and well

below this threshold confirming SP emission characteristics.

6.1.2. Energy Transfer from a Single Emitter to Three Layer
Graphene

In this part of our work we studied the effect of various layers of graphene trans-
ferred on to SP emitting defect sources in dropcasted hBN flakes. After a graphene trans-
ferred onto hBN the distance of point-like defects (red dots) to the graphene (black line)
varies, as shown in Fig.6.1(a). Thus the quenching rate also varies from defect to another
defect. Another way to increase the quenching rate is increasing transferred energy rate
by additional graphene layers (Chen et al. (2010); Guzelturk and Demir (2016); Yu et al.
(2015)).

The samples were prepared by the procedure which was explained in Chapter 4.
Si substrate was cleaned which has ~60 nm Al,Oj3 oxide layer to see the optical contrast
of hBN on the substrate (Gorbachev et al. (2011)). Then the hBN flake solution was
dropcasted on the substrate and the liquid evaporated itself. First, the optically active

defect centers on hBN flakes were analyzed. Their coordinates on the substrate and single
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Figure 6.6. Bare, one layer, two layer and three layer graphene transferred onto hBN
flake are given respectively. Red dots show the (laser beam) defect center
position on the flake.

PL spectrum with the same optical excitation conditions and exposure time were recorded.
Optimizing the sample position under laser beam we obtain the ZPL as intense as possible
to record the excitation polarization and power dependent intensity series.

After ~50 different single photon emitters were analyzed, a thin layer graphene
was transferred onto hBN flakes by the transfer procedure explained in Chapter 4. Then
the same defect centers were analyzed again with same optical excitation conditions and
exposure time by optimizing the position to observe maximum intensity of the peaks.
This cycle was repeated after a second and then a third layer graphene were transferred
onto the hBN flakes. The optical microscope images of an hBN flake for bare, first layer,
second layer and a third layer graphene transferred are shown in Fig.6.6.

Single graphene layers are considered to not interact with one another Castro Neto
et al. (2009). Thus each layer is considered individually coupled to the emitter. The
effect of graphene layer number on the intensity of ZPL from defect centers in hBN
flakes were compared after each layer transfer. However, it is known that the stress of
the graphene due to the hBN flake height and thickness leads to break the graphene and
causes wrinkles around the flakes. This affects the structural and optical properties of
graphene. Another important issue is that the results were compared by normalizing both
Si Raman signal and hBN Raman signal. The reason is that after graphene transfer if
we assume the position of the defect does not change (the focal distance changes), at
the same position the Si and hBN Raman signals should be unaffected. Also, according
to the daily calibration differences the intensities should be corrected by a factor which
can be ignored. In Fig.6.7, raw data recorded before and after graphene layer transfers
are shown on the left. The black arrows show the intensity quenching percentages from
bare to one layer-graphene, from one layer to two layer-graphene and from two layer to

three layer-graphene transfer. The longest arrow gives the total quenching of the ZPL
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Figure 6.7. A single photon emission at 697 nm is seen from bottom to up bare,
one layer, two layer and three layer graphene transferred onto emitter are
shown. On the left raw spectra and on the right intensity corrected in terms
of Si Raman peak spectra are shown. The orange lines belong to fit curves
of the peaks. The calculated FWHM, intensity and shift values are also
given in each spectrum. The black arrows show the quenching rates.
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intensity by coupling with three individual graphene layers. As seen after each transfer
the intensity quenches and three layer is enough totally suppress the emission. There are
ignorable changes after intensity normalization with respect to Si Raman peak seen in
the right panel of Fig.6.7 as corrected. The black arrows show the intensity quenching
percentages. By means of the fitted ZPL curves (orange) the intensity (by subtracting
background), FWHM and shifting of the peak centers, which are also written on each

graph, can be calculated. To reach the totally quenching of the emission, a second and

ZPL1

Norm. Int. (a.u.) ]

0 1 2 3
Layer Number of GR

Intensity (a.u.)

2D

2L GR

) | 3LGR

660 680 700 720 740 760 780
Wavelength (nm)

Figure 6.8. A SP emission at 697 nm is corrected by normalizing the Si Raman signal
intensity. The inset shows the normalized intensity variation of the emis-
sion with respect to the layer number of graphene.

third layers of graphene were placed on the same hBN. In Fig.6.8 the behavior of emission
was analyzed after each graphene placement by correcting with respect to Si Raman signal
intensity. After the third layer, SP emission was quenched to almost 99 %, as opposed to
the Raman peaks which were not influenced by graphene layers. This is an indication of
a graphene-hybrid system with a single atom scale can be used to close the single photon
emission as an irreversible switch. The spectra were recorded by a CW excitation with
632 nm wavelength. The peak at 656 nm is the Raman shift of the silicon substrate, and
the small peak at 693 nm is the Raman shift of hBN. The graphene Raman peaks of G
and 2D are also visible. As shown, the intensity of the Raman peaks are almost same

while the ZPL emission is quenched completely after the third layer transfer. The inset
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shows the normalized intensity of the defect emission dependency to the layer number of
graphene.

There were a few ZPLs in our statistical study that correction according to Si or
hBN Raman signal give very different results of quenching rate. For example, the raw data
quenching percentages from bare to three layer graphene are 20, 15 and 60, respectively
and the total quenching is 73%. However, after correction according to Si Raman signal
intensity the total quenching increases to 85%. After correction according to hBN Raman
peak intensity the total quenching decreases to 28%. As seen to realize the real quenching
rates the correction should be made with respect to Si, because the focal distance changes
after each graphene layer transfer on top of hBN flake. The hBN Raman signal changes,
but the Si Raman signal would not affect as compared to hBN flake. The thickness and
the volume of the Si substrate is much larger than hBN flake.

Besides the Raman peak intensity correction factor analysis we also examine the
phonon side bands (PSBs). As seen from the Fig.6.9 the exponential y-axis reveals the
PSB (right panel). As expected, it can be concluded that graphene on top of the defect
center also quenches PSBs. As seen increasing graphene layer number increases the PSB
quenching as well.

Placing graphene in close proximity to optically active defects in hBN flakes
provides nonradiative energy transfer between defect center and graphene. This results
strong changes in the emission characteristics of single photon source. Nonradiative en-
ergy transfer from emitter to graphene results electronic transitions in graphene. As a
result, quenching of the emission of single photons is observed. The rate of quench-
ing depends on the defect-graphene distance by d—*. Nonradiative energy transfer leads
electronic transitions in graphene, which reduces the emission of single photons due to
error-graphene distance. In this study, we could not estimate the distance properly. Thus,
additional graphene layers were transferred to increase the energy transfer channels and
increase the energy transfer rate. To that aim a statistical study has been performed with
many different samples. The polarization and power series of all ZPLs were recorded
before and after each graphene layer transfer. Generally, three layers of graphene were
enough to quench the emission almost completely. In Fig.6.10 (a and c), the optimized
PL intensities of before graphene and after each three single layer graphene is placed are
shown. Single graphene layers are considered to not interact with one another (Castro
Neto et al. (2009)). Thus each layer is considered individually coupled to the emitter.

A defect with a ZPL emission at 656 nm (D656) next to the Si Raman peak at
654.6 nm is observed with 633 nm CW laser excitation in Fig.6.10(a). The hBN Ra-
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Figure 6.9. A single photon emission at 740 nm is seen from bottom to up bare, one
layer, two layer and three layer graphene transferred onto emitter cases are
shown. They are corrected with respect to Si Raman signals. On the left the
spectra are plotted linearly normalized. On the right the spectra are plotted
logarithmically normalized. The orange lines belong to fit curves of the
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each spectrum. The orange arrows show the quenching percentages. To
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Figure 6.10. (a) A SP emission at 656 nm (D656) next to the Silicon Raman peak at
654.6 nm and its quenching after each graphene layer transfer are observed
with 600 gr/mm grating. (b) The PL spectra of D656 are shown by 150
gr/mm with G and 2D bands of graphene. (c) Quenching of another defect
emitting at 653 nm (D653) is shown. (d) Quenching rate of both defects as
a function of graphene layer.
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man signal is at 693 nm. Transfering a single layer of graphene as before shows a clear
quenching of the ZPL while the Si Raman peak intensity is almost same. Adding two
additional graphene layers further increase the quenching and the ZPL emission is almost
completely supressed. The PL spectra in Fig.6.10(a) were recorded by 600 gr/mm while
in Fig.6.10(b) were 150 gr/mm. Thus in (b), the graphene Raman peaks are also visible.
The G peak is at 703 nm and the 2D peak is at 761 nm. As seen, the intensity of the
Raman peaks are almost same while the ZPL emission is quenched completely after the
third layer transfer. Additionally, another defect emitting at 653 nm 1s shown in Fig.6.10
(c). This defect has a slightly lower quenching rate than D656. We prposed that D656 is
closer to the sample surface, and therefore to the graphene, as the quenching rate depends
on the distance d~* it quenches more than D653 just after the first graphene layer transfer.

Quenching rates of both defects as a function of graphene layer are shown in Fig.6.10 (d).

6.1.3. Influence of Transition Rates

(a) . ‘ ‘ .;' ' " LGr (b) 15

x data
— Constant rate model fit
— De-shelving model fit

f

x x X

O F

-30 20 -10 0 10 20 30 1 2 3 4 5
Time Delay 7 (ns) Power (mW)

Figure 6.11. (a) Excitation power dependent ¢*(7) for the ZPL at 610 nm after
graphene layer transfer. (b) The parameters calculated from ¢®)(7) fits,
a, 71 and 7.

The population dynamics can be characterized by the effects of transition rates.
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This was explained in Chapter 2, detailed by assuming the constant rate coefficient model
in Neu (2012) with excitation rate ko of the excited state linearly depends on the excita-
tion laser power. Experimentally, we found that after coupling with graphene the emission
intensity quenches also for each power value shown in emission intensity versus excita-
tion power saturation relation in Fig. 6.4, where the black dots indicate pre-analyzed PL
intensities with respect to excitation laser power and the red dots are the PL intensities
of single layer graphene coupled system. Remember for a three level system, these rate
equations were given in Chapter 2 in Eq.2.38, Eq.2.39 and Eq.2.40 and after graphene
coupling in Eq.2.76, Eq.2.77 and Eq.2.78. As explained, summation of the differential
equations of population changes of the system is equal to 1, but under interaction with
graphene the decay rates decreases due to FRET decay rate kprpr as shown in Fig.2.18.
We ignored the effect of FRET from k53 and k3; because they have negligible effects as
discussed in Neu (2012):

key — ko + krrer, (6.7)
kog — kéga (6.8)
k?gl — kél (69)

In the case all effects of FRET on decay rates have been taken into account as following:

k21 — k‘él + ]fpgl, (610)
k?gg — kég + l{?F23, (611)
]{531 — kél + k’Fgl, (612)

where kpo1, kpog and ks are the contributions to the krgpr from the each decay rate.
We have been measured power dependent second order correlation functions,

g?(7), after the emitter and a single layer graphene coupling as shown the ZPL at 610

nm in Fig.6.2 (b). According to the second order correlation function for a three level

model as given:
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92(r) =1— (1 +a)e V™ 4 ael7l/m, (6.13)

The parameters of the ¢ (7) function are given by

T =2/(Ax£ VA% —-4B), (6.14)

A = kig + ko1 + kaz + ks, (6.15)

B = kigkas + kioksy + koi1ks1 + kasksi, (6.16)
1—

Y - Toks1 (6.17)

k’31(72 —71)'

The excitation power dependent 9(2)(7) functions were fitted (in Fig.6.11 (a)) and these
parameters were calculated for each power value (in Fig.6.11 (b)). First, define the a, 7;
and 7, values from the fits of each ¢(* () function according to the experimental data.
Using the limiting values of these parameters from the data the rates can be calculated.
The extracted data were fitted by the red lines shown in Fig.6.11 (b). As seen the model
is not sufficient to fit the 7, especially for the low excitation powers. The relations of rate

coefficients according to the three-level constant rate model (Neu (2012)) as following:

1

ks, = —————— 6.18
31 (1 + CLOO)7—2007 ( )

1
ko1 = i ka3, (6.19)

1
kas = kz1a™, (6.20)
ko1 4+ ]C23 > ]{?31. (621)

There is another possibility of defect states, that can be obey de-shelving model
rather than constant rate model. As shown in Fig.6.12, the model includes an excitation
from the shelving state to higher lying states and returns back to the ground state. To fit
the model and the experimental data of 7, values the limiting value of k3, = % 1s used to

2
take into account the low excitation power values. Additionally, in the model k3, depends
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13)

1)

Figure 6.12. Schematic representation of the de-shelving model with higher lying states
from the excited states.

on the intensity following a saturation behavior with respect to experimental observations
in Neu (2012):

d-P
kyg = —— + K 6.22
31 P—I—C+ 31> ( )

where k3, is intensity independent rate. Using this rate equation modulation and ks +

koz > K3, for the de-shelving model the other rate relations can be expanded as following:

1
K, = p (6.23)
1
ko = 5~ ka3, (6.24)
1
1
kgg - T kgl - d, (625)
)
1
d = -2 2 6.26
a>® +1 ( )
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Using the limiting values from the experimental data the rates were calculated with re-
spect to de-shelving model relations and the experimental data were fitted by blue lines in
Fig.6.11 (b). As seen, the model is sufficiently fit the data of 7o, as well.

The aim of this analyses in this section is to estimate the rate coefficient of be-
fore and after graphene coupling. However, as explained the experimental data of power
dependent ¢(® (1) belong to coupled with graphene conditions. The excitation power de-
pendent intensity relation of before and after graphene coupling was shown in Fig.6.4.
As seen, although the saturation power of the emission is not influenced, the saturation
emission rate of before (/y,: pe) and after graphene (4, a¢) is around 2 as expected
from the individual intensity quenching rate. The ZPL intensity is quenched by a factor
of 2 almost at all excitation powers after the graphene transfer on the source. Now, using
our calculated rates these experimental excitation power series can be fit with respect to
constant rate model and de-shelving model. To this aim, in order to calculate the steady
state solution of the excited state before the graphene layer, we used the same rate of k3;
because it has negligible effect. However, ky; and ko3 were reduced by a factor of 2 as

observed from the measured data. The extracted rates are given in Table 6.1.

Table 6.1. The extracted rates for before and after graphene coupling with respect to
constant rate model (CRM) and de-shelving model (DSM).

After Before

kF21 kFQS kF31 k21 k23 k31
CRM | ko kos | O 0.1987 | 0.0132 | 0.0106
DSM | ko kos | O 0.0994 | 0.0065 | 0.0002

According to these extracted rates the experimental excitation power dependent
intensity series were fit and shown in Fig.6.13. As it is seen, the red solid lines (after
graphene coupling) and also black solid lines (before graphene coupling) fit very well
with the experimental data.

As summary, the slight effects of two model can be observed at high power values
of excitation power series in Fig.6.13. The difference is the distance between the fit lines
which are getting closer for the constant rate model, while the lines are getting away from
each other for de-shelving model. However, according to our data to correctly fit the 7
value, the k3; depends on the intensity following a saturation behavior should be taken

into account. This assumption affects the extracted values of ko, and k3 by a factor of 2
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Figure 6.13. (a) The constant rate model and (b) de-shelving model rate equations are
used to fit experimental power series of before and after graphene coupling
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which is also the quenching rate of the intensities after graphene coupling. However, the
value of k3; decreased with the assumptions of de-shelving model by a factor of 50, but

in both model its effect is very lower than ky; and kos.

6.1.4. Lifetime Measurements of Static Quenching

The single layer graphene is transferred on hBN dropcasted Al,O3/Si substrate
by photoresist assisted transfer method. Placing a graphene layer near field (< 50 nm)
to the emitter yields a coupling between them (Reserbat-Plantey et al. (2016); Salihoglu
et al. (2016)). Nonradiatively interaction between the emission from a defect center in
hBN and a single layer graphene resulting electron-hole pair excitations (i.e., Forster-like
energy transfer) is shown in Fig.6.1. Theoretical (Swathi and Sebastian (2009); Gémez-
Santos and Stauber (2011)) and experimental (Gaudreau et al. (2013); Stohr et al. (2012);
Kim et al. (2010); Mazzamuto et al. (2014)) studies are showed that the coupling leads to
emission quenching and a shorter lifetime of the emitters.

To measure the lifetime, the average decay time of an emitter’s excited state, the
time difference between the excitation laser pulse and the following detected photon is
recorded repeatedly for a sufficientl enough time period. These time differences for each
count are plotted to obtain a histogram. The 1/e width of the exponentially decaying
distribution gives the excited state lifetime 7 = 1/7. For A t — 0 the distribution
reaches to zero due to the finite response time of the detector. To calculate excited state
lifetime, the decay of the plotted histogram can be fit by e~*/7.

In this study, the excited state lifetime of a SP emission before and after graphene
transfer were calculated. As seen in Fig.6.14, for all the measurements the besides PL
spectra, optical microscopy image, excitation polarization and excitation power effects
were recorded by both 532 nm CW and 483 nm pulsed laser excitation. Than the life-
time measurement was performed by the pulsed laser. As seen, the excited state lifetime
is decreased after graphene transfer (red) and corresponding single spectra show inten-
sity quenching when before graphene (black line) and after graphene coupled (red line)
spectra.

The single photon emission quenching ratio was increased by addition of individ-
ual graphene layers on the top. The quenching of the emission also led to decreased ex-
cited state lifetime even after two individual layers of graphene coupling which is shown

in Fig.6.15.
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versus emission intensity. (e) Lifetime measured at 50 MHz frequency.
Black dots are the experimental statistics of before graphene and the line

Time (ns)

is one order fit. The red dots belong to after graphene statistics.
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Figure 6.15. (a) Excitation power versus emission intensity. (b) PL spectra of before
(black line), after one layer graphene transfer (red line) and after a sec-
ond layer graphene (blue line) transfer. (c) Lifetime measured at S0 MHz
frequency. Black dots are the experimental statistics of before graphene
and the line is one order fit. The red dots belong to after 1 layer graphene
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statistics and the blue dots refer to after a second layer graphene transfer.
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6.2. Reversible Energy Transfer: Active Quenching

Graphene has single atom-thick structure and low density of states. These enable
electrically tuning of its optical properties by Fermi energy shifting (Wang et al. (2008);
Wu et al. (2017)). Electrostatic doping of graphene modulates optical gap of 2FEy for
interband transitions due to Pauli blocking (Polat and Kocabas (2013)). In Fig.6.16 the
Fermi level shifting of graphene with respect to n-type doping and p-type doping are

shown.

Dirac
Point

Pristine n — doped p — doped
Graphene Graphene Graphene

Figure 6.16. Energy band diagrams of the pristine, n-doped and p-doped graphene with
their Fermi levels.

There are reports on graphene hybrid optoelectronic devices. Recently, graphene
is used to modulate light emission from nitrogen-vacancy centers (NVCs) in nanodia-
monds which are single photon emitters at 3 K (Reserbat-Plantey et al. (2016)). In the
study, the nanomotion of the graphene on the point defect provided by modest voltages ap-
plied to a gate electrodes enables altering the NVC emission intensity. Interaction between
emitting point dipole and induced dipoles in graphene effects the excited emitter relax-
ation rate as I', oc d~* for small separations (d < 50 nm) (Reserbat-Plantey et al. (2016);
Gaudreau et al. (2013)). According to their results, the emission intensity is strongly re-
duced with decreasing graphene-emitter separation. In another study, graphene is used to
control light emission from QDs which are used for light-emitting applications (Salihoglu
et al. (2016)). In this way, emission quenching depends on both the emitter-graphene dis-

tance and doping level of graphene.
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In present studies reversible fluorescence quenching of single photon emitter in a
two dimensional material at room temperature has not been demonstrated. In this study,
graphene is placed near field distance of the single photon emitter in hBN. We use hBN
flakes in ethanol solution until we prove the transfer of 2D hBN to silicon substrate is

achieved.

6.2.1. Device Structure

Reversible quenching can be obtained by shifting Fermi level of graphene to re-
strict electronic transitions in graphene (Fig.6.17 (a)). In this study, Fermi level was
shifted as large as 1.2 eV (Polat and Kocabas (2013)) using ionic liquid (IL) based elec-
trolyte gating in a large area device shown in Fig.6.17 (b) and (c). Schematic repre-
sentation of the electrolyte-gated device restricts the inter-band electronic transitions in

graphene. In that way, fluorescence quenching of single photon emission can be con-

(b) (d)

Figure 6.17. (a) Schematic representation of the Fermi level shifting of graphene by gate
voltage and energy transfer restriction. (b-c) Schematic representation of
the designed device for reversible fluorescence quenching of SPE. (d) The
used device in the experiments.
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trolled in the visible range of the spectrum, which is shown in Fig.6.17 (b,c).

In Fig.6.17 (b), the designed capacitor compose of Si substrate hBN, graphene,
ionic liquid and Indium tin oxide (ITO) as a traditional transparent conductive electrode.
Graphene on hBN and ITO are the electrodes. To reach high doping levels, an ionic liquid
is used as electrolyte between graphene and ITO that leads to shift Fermi level of graphene
up to 1.2 eV. The designed device scheme is shown in Fig.6.17 (b) and its more realistic
components are shown in Fig.6.17 (c¢). Additionally, the constructed large area device
image is shown in Fig.6.17 (d) on a microscope slide. The resonance energy transfer
from the single photon source to graphene mechanism and modulating the doping level
by gate voltage lead to reversible control of emission intensity. To observe this, the PL
spectra of a defect center in hBN under a single graphene layer was recorded with respect

to varied positive and negative gate voltages.

— Signal Focus
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Figure 6.18. The background effect of ionic liquid. The left panel includes the Raman
spectra of Si substrate, solution 1 (Sol01)/Si and glass/(Sol01)/Si. The
right panel shows the background of another solution (Sol03).
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6.2.2. The Effect of Ionic Liquid

The most suitable ionic liquid must have the minimum background effect to ob-
serve the proper change on single photon emission. Ten different electrolyte were an-
alyzed by PL to observe their background contributions to the spectrum. As shown in
Fig.6.18, there were no background when the laser was focused on Si substrate. However,
there is a thickness of the liquid and the hBN flakes with graphene cover were embedded
in this liquid. Thus, the laser was focused upward from the substrate and some of the
electrolytes give a broad and strong background, seen in right panel of Fig.6.18. After
that according to the device structure the measurements of different focus lengths were
repeated by using I'TO on the top. The solution 01 was chosen to use reversible quenching

experiments due to no background observed.

6.2.3. Demonstration of Active Quenching

In the study, static quenching of SP emission from defect center in hBN is demon-
strated so far. To integrate optoelectronic systems the quenching rate is controlled dy-
namically by gate voltage. The schematic illustration of the capacitor structure is shown
in Fig.6.17. Graphene on hBN and ITO are the electrodes. To reach high doping levels an
ionic liquid is used as electrolyte between graphene and ITO that leads to raise Fermi level
of graphene up to 1.2 eV. The PL spectra of a SP emission from a defect center in hBN
under coupled with three single graphene layers were recorded with respect to varied gate
voltage, shown in Fig.6.19 (a). According to the distance between the graphene and SP
source single layer graphene can quench the emission up to a certain rate. As explained
before, the additional graphene layers increase the energy transfer rate and the possibility
to totally close the emission is increased.

As seen in Fig.6.19 (b), the PL intensity saturates at the threshold voltage value
of 1.4 V. The SP emission at 725 nm shows up after 0.5 V and its intensity increases up
to 1.4 V. The ZPL at 725 nm (1.7 eV) with a phonon sideband at 805 nm is controlled
between 12 because of its energy (1.7eV) it is close to the Fermi level and shows up by
low voltage values as 0.5 V. If another ZPL was observed around 600 nm it showed up
with the voltage larger than 0.5 V. This clearly indicates that doping increases the Fermi

level from infrared to visible region.
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Figure 6.19. (a) After three layer graphene (3 L GR) are placed on hBN individually,
PL intensity variation of the SP emission at 725 nm with respect to gate
voltages are shown. (b) The effect of alteration of the gate voltage on PL
intensity of ZPL at 725 nm. (c) The excitation polarization dependent ZPL
emission intensity under 1.4 V gate voltage.
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6.2.4. Summary

The fluorescence of the subjected material can be suppressed by graphene. Non-
radiative energy transfer between graphene and the emitter is controlled by distance be-
tween them (d~*) or graphene layer number (increasing coupling channels). In this study,
the distance could not be estimated, thus the emission was quenched by coupling the emit-
ter with graphene layers. We also discussed correction factors with respect to Si and hBN
Raman signals. As we thought after graphene transfer on hBN flake the silicon Raman
signal from the substrate should not be changed. However, there should be focal length
change of the single defect center because of the hBN flake thickness and graphene layer
thickness are comparable. Thus, we need to correct the intensities by considering these
effects. Additionally, PSB peaks were quenched by graphene layers.

The FRET-like energy transfer between graphene and the defect center can be
modulated gradually and reversibly by designing a device structure.

Summarizing, we demonstrated FRET-like energy transfer from a SP emitter in
hBN to graphene at room temperature. This non-radiative energy transfer mechanism
was observed from PL quenching after graphene transfer. Furthermore, the quenching rate
increased by additional graphene layers by opening up new energy transfer channels from
the emitter and the graphene. In that way, the SP emission was almost closed statically.
After that we demonstrated a device structure with an ionic liquid (IL) electrolyte gating to
obtain maximum conductance and Fermi level shifting. Altering gate voltage, reversibly
and gradually modulated the SP emission. We reported a graphene based optoelectronic
device which is used to modulate the SP emission intensity at nanoscale as an on/off

switch.
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CHAPTER 7

CONCLUSIONS

This thesis was focused on the experimental studies on room temperature SP
sources. In particular, defects in WO3 and hBN were analyses as bright and stable SP
sources. We have investigated emission characteristics of these defects along with manip-
ulation of their properties with nanostructures. The interaction between the emitter and
gold nanoparticles revealed an enhancement of the emission by a resonance plasmonic ef-
fect. On the other hand, the coupling between the emitter and a graphene sheet provided
the quenching of the emission. The quenching was reversible under the action of a bias
potential on the graphene sheet.

According to the literature, single-photon emission from TMDCs originates from
localized weakly bound excitons at cryogenic temperatures due to the small exciton bind-
ing energies. However, room temperature SP emission from WS, can be obtained by
creating WOj3 defects. As far as we know there is only one recent work in the litera-
ture about such an emission. In our studies, we investigated the room temperature single
photon emission characteristics directly from the defects in WQO3, in detail for the first
time. 2D PL maps revealed that the emission originated from localized centers in WO3.
The excitation and emission polarization related intensity measurements showed the lin-
ear dipole behavior of the emitter as an indication of the single photon behavior. Addi-
tionally, excitation power related intensity saturation confirmed the SP behavior. Density
functional theory calculations showed that the source of the emission are probably oxygen
vacancy defects. Additionally, we were able to increase the intensity of the single photon
emission in WO3 as much as 20 times due to weak coupling of SP center with plasmonic
gold nanoparticles which is very promising for their nano photonic applications.

Furthermore, the optical characteristics of SP emission from defects in hBN were
investigated. 2D PL maps indicated that the emission originated from a single localized
emitter in an hBN flake. The PL spectrum of the emission showed a high brightness and
stability. Photon correlation measurements verified the second order correlation function
at zero delay time, g (0) < 0.5, and indicated the emission is a stream of SPs. Addition-
ally, the excitation power and the single dipole behavior of the emission were analyzed
before and after a single graphene layer placement on the hBN and PL intensity quenching

was observed. In that way, fluorescence quenching of SP emission from defect centers
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of hBN flakes by Forster-like resonance energy transfer was demonstrated for the first
time. In addition to ZPL, phonon side band peaks were also quenched by the nonradiative
energy transfer. The quenching rate depends on the distance between the emitter and the
graphene layer. In our study, the distance could not be controlled. Thus, second and third
graphene layers were introduced to increase the quenching further up to ~99% by addi-
tion of energy transfer channels which means the emission signal was almost turned off
statically. After the static quenching analyses, active (reversible) control of the quenching
rate by an electrically controlled device was demonstrated. Using this device, the Fermi
level of a graphene layer covering an hBN defect was increased up to 1 eV by an aplied
gate voltage. Thus, altering the Fermi level of graphene lead to a reversible and dynamic
control (on/off) of the nonradiative quenching channel between the defect in hBN and
graphene layer. In summary, the analyses on room temperature SP emission sources are
very important for the future technologies in the fields of quantum information, quantum
computing, and medical applications. This thesis analyses such SP emission from defects
in hBN and WOj; at room temperature. Additional analyses of their optical properties and
modulation of these properties by nanostructures were given. We elucidated our studies
and results in fair detail. Finally, we hope that our results will be a useful resource for

further quantum optics researches.
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