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ABSTRACT

PLASMONIC ENHANCEMENT
OF PEROVSKITE PHOTOLUMINESCENCE

Recently emerged perovskite materials show superior features like high
efficiency, defect tolerance, facile synthesis, bandgap tunability and wide color gamut
over their rivals in photonics applications. On the other hand, metals have interesting
characteristics as they go smaller in size. Their absorption and scattering properties are
completely different as nanoparticles. Their confined electron oscillations bring peculiar
consequences. Due to change in these features, metallic nanoparticles can enhance or
quench fields around them.

Light-matter interactions determine how we see the world. Understanding
quantum nature of light and matter and their interactions can benefit higher efficiencies
and can open paths for novel technologies. In accordance with this purpose, this thesis
study involves synthesis of cesium lead halide perovskite emitters and investigation of
their interactions with silver nanoisland films. It was concluded that direct contact
between perovskite layer and nanoislands results in a fluorescence quenching where
intensity average lifetime decreases below 1 ns. Separating these layers with an alumina
dielectric layer increased photoluminescence intensity after 15 nm and the highest
intensity was observed at 18 nm thickness with 78% of PL enhancement. With different

spacer thickness values, we achieved to see the change in photoluminescence intensity.



OZET

PEROVSKIT FOTOISIMASININ PLAZMONIK ARTIRIMI

Son zamanlarda ortaya ¢ikan perovskit malzemeler, fotonik uygulamalarindaki
rakiplerine gore yiikksek verimlilik, hata toleransi, kolay sentez, bant araligi
ayarlanabilirligi ve genis renk gami gibi tstiin 6zellikler gostermektedir. Diger yandan
metaller, boyutlar1 kiigiildiikge ilging 6zelliklere sahip olur. Nanopargacik olarak sogurma
ve sacilma Ozellikleri tamamen farklidir. Kisitlanan elektron salinimlari tuhaf sonuglar
getirir. Bu oOzelliklerin degismesi nedeniyle, metalik nanopargaciklar etraflarindaki
alanlar1 kuvvetlendirebilir veya sondiirebilir.

Isik-madde etkilesimleri diinyay1 nasil gordiiglimiizii belirler. Isigin ve maddenin
kuantum dogasini ve bunlarin etkilesimlerini anlamak, daha yiiksek verimlilikleri elde
etmeye yarar saglayabilir ve yeni teknolojiler i¢in yollar agabilir. Bu amag¢ dogrultusunda,
bu tez c¢alismasi, sezyum kursun halojeniir perovskit isiyicilarin sentezini ve giimiis
nanoadacik filmleriyle etkilesimlerinin incelenmesini igermektedir. Perovskit tabakast ile
nanoadalar arasindaki dogrudan temasin, agirlik ortalama émriin 1 ns'nin altina diistiigii
bir floresan sondiirme ile sonuglandigi sonucuna varilmistir. Bunlar1 katmanlar1 bir
allimina dielektrik katmani ile ayirmak, 15 nm'den sonra fotoliiminesans yogunlugunu
arttirdi ve en yiiksek yogunluk,% 78 PL artisiyla 18 nm kalinlikta gézlendi. Boylelikle,
farkli aralayici kalinlig1 degerleri ile, fotoliminesans yogunlugundaki degisikligi gormeyi

basardik.
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CHAPTER 1

INTRODUCTION

Understanding the matter has taken our civilization a step further. As soon as we
investigated smaller size matters, we understood that there is a different world than the
one we live in. The nanoworld is peculiar. Nanosized materials differ from their bulk
counterparts. Due to small sizes, charges and photons confined in nanostructures bring
strange outcomes that are not observable in bulk materials. Different optical, electronical,
magnetic, etc. features of nanoparticles lead the way for applications we cannot imagine
otherwise. Therefore, lots of investigations still help us understand the nanoworld better.

Nanostructures like lead halide perovskite nanocrystals emerged as promising
materials for light absorbing and emitting applications. The solar cell performance of this
materials platform reached close to their theoretical limit in a very small amount of time,
whereas emitter counterparts can exhibit near unity photoluminescence quantum vyield.
Sought after features such as pure color emission through narrow linewidth, defect
tolerance, bandgap tunability and wide color gamut announces lead halide perovskite
nanocrystals as next generation materials for display applications.

Metal nanostructures, on the other hand, show interesting behaviors by virtue of
their free electrons unlike other nanocrystals. Free electrons oscillate in metal surfaces
and their quanta is called plasmon. An external electromagnetic field can be enhanced by
tens or even thousand times near a metal nanoparticle or any radiation can be quenched
with the help of plasmons. According to the size and shape of a metal nanoparticle,
different wavelengths of light can be absorbed or scattered, thus metallic particles in
different colors can be produced from the same metal atoms.

Today, sensitivity of any device has utmost importance for detection applications.
For example, fluorescence of most biomolecules has low intensity or their density in the
medium makes their detection difficult. Therefore, fluorescence enhancement
mechanisms are needed. Also, low luminescence performance of any light emitting
material prevents them to be a candidate for LED applications. When Raman emission is
under consideration, again low intensities are encountered. These kinds of issues denote

metal nanoparticles as good problem solvers due to enhanced fields around them.



Utilizing proper metal nanoparticles under proper conditions, one can enhance any
flurophore’s emission rate up to its theoretical limit. For this purpose, metal nanoparticles
with several shapes such as nanosphere, nanowire, nanotriangle, nanocubes etc. were
snyhtesized before.

Under the spotlight of the interesting world of nanomaterials, in this thesis, we
utilize localized surface plasmons which are located in metal nanoislands in order to
increase radiative emission rate of lead halide perovskite nanoemitters. By spectrally
matching metal absorption and emission peak of perovskites with a very thin dielectric
material in between, intensity can be enhanced. Hence, in this work, changing the distance
between perovskite nanocrystals and silver nanoisland film layer by using alumina as
dielectric spacer, radiative decay rates through time correlated single photon counting and
peak emission intensities through photoluminescence were investigated. It was observed
that the intensity has a maximum thickness point which decreases after a particular
emitter-metal distance, when coupling strength starts to decrease.

This thesis is organized as follows: Chapter 2 describes perovskites and results
obtained from recent perovskite studies. In this chapter, advantages of perovskite
nanocrystals over their rivals are elaborated with the help of studies from the literature.
Also, conditions affecting synthesis process are briefly explained. In Chapter 3, properties
of metal nanocrystals are given under Surface Plasmons topic. Effects of plasmons on
determining metallic properties and requirements to excite surface plasmons with
electromagnetic waves are elaborated theoretically. In addition, field enhancement of
metals near particle surfaces are explained. Experimental methods and devices utilized to
investigate the material characteristics are mentioned in Chapter 4. The explanation of
the working principles and basic schematics of the equipment and microscopy techniques
used (such as physical vapor deposition, atomic layer deposition, scanning electron
microscope, atomic force microscope and optical spectroscopy systems) and synthesis
method are included in this chapter. After giving details on all the necessary equipment,
in Chapter 5 experimental process and results, such as deposition methods, effects of

changing the parameters used, are elucidated, and commented.



CHAPTER 2

PEROVSKITES

Perovskite is the name of materials having the ABX3 stoichiometry and named
after the Russian mineralogist Lev Alekseyevich Perovski (1792-1856) by the German
mineralogist Gustav Rose (1798-1873). [1] At first, the word perovskite was only for a
specific material, calcium titanate (CaTiOz) which was determined first. But years later,
lots of materials having the same formula has been discovered and the perovskite has
become a whole big family.
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Figure 2.1: Perovskite lattice structure [71]

A simple perovskite structure is given in Figure 1.1. Perovskite family involves
several symmetries and various physical properties. These features are ruled by their A*
and B2 site cations and X" site anions. According to ions constituting a perovskite, the
material can show semiconductivity, magnetism [2-4], dielectricity [5-8], ferroelectricity
[9-11], ferroelasticity [12,13] or lasing [14-17,53-56] etc. Tuning synthesis conditions,
ingredients, and/or different factors, one can obtain cubic, orthorhombic, trigonal,
tetragonal, monoclinic or triclinic symmetries.

This thesis focuses on inorganic lead halide perovskite (ILHP) nanocrystals which
are comprised of cesium (Cs) as A* site cation, lead (Pb) as B?* site cation and a halogen
which can be chloride (Cl), bromide (Br) or iodide (1) as X site anion. CsPbX3 perovskites
are deeply investigated for remarkably solar harvesting and highly luminescent light
emitting properties. Their bandgaps fall in the optic regime and this makes them good

candidate for novel light applications.



2.1. Cesium Lead Halide Perovskite Nanocrystals

The first solar harvester was made of silicon with 1% power conversion efficiency
(PCE) in 1941 [18]. After its first invention, silicon solar cells have been number one in
solar energy market. Record in PCE for silicon solar cells were over 26% in 2017 [19,20]
whereas theoretical limit for crystalline silicon solar cells is ~29% [21] and in order to
reach this limit, 76 years were required. But for lead halide perovskite solar cells
compared with silicon counterparts, comparatively very short time from 2009 was enough
to go from %3 [22] to over 20% [23-25] record efficiencies.

Addition to solar applications, first light emission from perovskites was obtained
not much time ago. Starting from 1992, perovskite emitters did not achieve strong
emission at room temperatures [26]. Due to its weakness, it was not possible to use them
as an electroluminescence device. Recently, ILHP nanocrystal emitters are under the
spotlight owing to their exceptional characteristics. The tunability of peak wavelength
through anion exchange [27-32], facile and ambient condition synthesis methods [33,34]
as well as other superior features make ILHP nanocrystals suitable choice for light
emitting applications.

Lattice formations observed in ILHP nanocrystals are orthorhombic, tetragonal,
and cubic, where different formations may lead to different properties. Having these
formations, perovskite nanocrystals can be seen in the form of various nanostructures
such as quantum dot, nanowire, nanorod, nanosheet, nanocube, nanoplatelet, etc. It is not
always possible to define a perovskite crystal with a completely correct formula because
of its defects or grain boundaries. More general formula for an ILHP crystal is R2An-
1BnXan+1, Where R is a ligand, A is Cs, B is Pb and X is Cl, Br, or I. In this formula, n
determines the number of perovskite layers between ligand molecules. While n=1 results
in a monolayer perovskite consisting of [PbXe]™ octahedral structures arranged in a plane,
n=co gives rise to the well-known formula of perovskites, ABXz [37].

Each X" anion is shared by two octahedrons and this leads to “-1/2” ionic charge
contribution per halide ion to the [PbXs] octahedron. Therefore, every ILHP corner-
sharing octahedron has total ionic charge of “-1”. Octahedrons located in a perovskite
lattice are the core part that establishes the electronic formation, therefore energy levels
of the crystal. The valence band consists of np orbitals of X and 6s orbitals of Pb, and the
conduction band includes 6p orbitals of Pb and np orbitals of X [38-40]. Therefore, lead

halide perovskites have tunable electronic energy band gap changeable by X site element.



Replacing the X site with a larger halogen, i.e. moving from chlorine’s 3p orbital to
iodine’s 5p orbital, causes light emission to shift from near-UV to near-IR [41-44]. Also,
alloying different halogens in different ratios gives a continuous shift between two colors.
Acquired color gamut this way is wider than the ones obtained with other light sources.
Density of states contributions from the highest orbitals of Cs, Pb and Br are given in
Figure 1.2 [66]. If the inorganic cesium located in the A site is switched by an organic

methylammonium group, it results in a little redshift in the bandgap [45].
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Figure 2.2: Density of states contributions from the highest state orbitals [66]

One of the most important features of lead halide perovskites is that they have a
huge defect tolerance. Anti-bonding condition of X’s np and Pb’s 6s orbitals which
determine the valance band and nonbonding condition of X’s np and Pb’s 6p orbitals
which determine the conduction band do not let a bonding-antibonding condition between
energy bands, where this leads to a defect tolerant material, because defect sources are
mostly seen in A and X sites and these defect states do fall out of the band gap [38,39,46-
48]. Having this intrinsic characteristic, ILHPs differ from conventional semiconductors
whose energy bands are built by bonding valence and antibonding conduction bands
[46,47]. This fine band structure allows ILHP nanocrystals to exhibit a narrow emission
even without defect passivation [38,46-48]. Nonetheless, nonradiative recombination still
causes low performance in luminescence. Thus, the passivation of defect states and
obtaining a crystalline structure are important to achieve higher efficiencies [49-52]. By
applying these improvements on ILHP nanocrystals, one can increase photoluminescence
quantum yield (PLQY) up to almost unity [57-61].



Narrow emission resulting in pureness of color, color tunability over visible range,
better stability than organo-metallic counterparts and high yield make ILHP nanocrystal
emitters very attractive for display and lighting applications. Almost all colors that were
defined in 1931 by chromaticity diagram of International Commission on Illumination
(CIE: Commission internationale de 1'éclairage) can be exhibited by LHP nanocrystals
[62-64]. This color gamut given in Figure 1.3 is wider than the ones required for LCD
TV and NTSC standards [64].
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Figure 2.3: Perovskite PL spectra coordinates are mentioned with black dots [64]

2.2. Synthesis

In a typical perovskite synthesis, cesium carbonate (Cs2COgz) or cesium halide
(CsX) salt of desired halide (X=CI, Br, or I) is used as cesium source. The salt used for
lead source is usually PbX> salt of desired halide. However, there are some studies getting
help from lead (II) oxide (PbO) as Pb source [65]. Most of synthesis recipes involve
organic ligands such as carboxylic acids and amines in favor of passivating surface
defects. In addition to surface passivation, ligands help controlling the size of the crystals
[67]. Oleic acid and (OA) oleylamine (OAm) are the most used ligands helping this
purpose.

Selected CsX and PbX, salts together with surfactants are dissolved in
dimethylformamide (DMF) or dimethylsulfoxide (DMSO) which are good solvents for

perovskite salts. Also, there are bad solvents like toluene for mentioned salts. After a little



amount of the solution is added into a bad solvent, the good solvent releases the salts it
dissolved, and solvents are dissolved in each other. Consequently, ions get together and
recrystallizes as perovskite nanocrystals [66]. After centrifugation, the precipitate is
dispersed in a nonpolar solvent (e.g. hexane, octane) for size-selective precipitation and
ultimately obtaining pure color.

Another highly used synthesis method is hot injection where certain amount of
Cs-oleate acquired from Cs2COs in octadecene (ODE) at 150°C inside a degassed flask
is injected into the flask where PbX; salt is dissolved in a mixture of ODE, OA and OAm
at a temperature higher than 120°C. After injection, the flask is submerged in an ice bath
[44].

To obtain different colors, anion exchange strategy as a post-synthesis method is
possible by using several salts. By changing the amount of halide anion from chloride
through bromide to iodide, the color of nanocrystals can go from blue to red. This change
in color can be attributed to nanocrystal size change. After nanocrystal synthesis, organic
salts such as tetrabutylammonium halide, octadecylammonium halide, oleylammonium
halide, etc., and lead halide salts were utilized to obtain different alloys of perovskite
nanocrystals by different groups [27,31].

Shamsi discovered that applying two different ligands can control lateral sizes of
perovskite nanosheets [70]. In his experiment, it was observed that different volume ratios
of short to long ligands lower than 0.67 keep lateral sizes in 3nm.

In hot injection method, injection temperature was investigated by Bekenstein
[68]. It was concluded that through the applied recipe, injection at 90°C results in long
and thin blue nanoplates, at 130°C cyan nanoplates, at 150°C green emitting nanocubes.

Higher temperatures resulted in orthorhombic nanowires and nanocubes together.
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Figure 2.4: Nanostructure evolution with time [69]



The duration between quick injection of Cs-oleate and ice-bath is studied by
Zhang [69]. ODE was used as the synthesis medium. 10 minutes of waiting after injection
produced partly nanocubes and nanowire (as observed by Bekenstein). In 30 minutes,
nanocubes, nanosheets and nanowires with uniform diameter (~10) formed. 90 minutes
brought nanowires with uniform diameter (~10nm) and some big crystals that no longer
exhibit quantum features. After 900 minutes crystals, as large as 0.5 um, appeared. Thus,
this study concluded that all these nanostructures evolve from each other in time. In the
same study, the effect of ODE was examined for nanowire formation. The synthesis in
OAm required 720 minutes to form 10-30 nm long nanowires with 60-70% quantum yield
and the increase in time resulted in 10-40 nm long nanowires with 80-90% QY which

was commented as ODE is important in fast nanowire formation.



CHAPTER 3

SURFACE PLASMONS

Conduction electrons located in a metal are tended to move freely inside, which
causes them to be called electron gas or electron cloud. Electrons moving near the surface
of the metal determine optical features (such as absorptivity, transparency, reflectivity)
of the metal. As explained by the Drude model to some extent, electrons in a metal has
the opposite phase of incoming electromagnetic field, which dictates metals to have
negative dielectric permittivity at the optical region. This permittivity defines shininess
and color of a metal [91]. Also, the path length a field can penetrate (skin depth) into a

metal is defined by the same parameter.

An electromagnetic field can interact with a metal at boundaries of that metal,
where surface electrons are located. Quanta of oscillating surface electrons resulting from
the electromagnetic field is called surface plasmon [72,73]. Surface plasmons can
produce enormously enhanced fields very close to that surface. Their resonant condition
is utilized in several applications. Surface plasmon resonance (SPR) is the case that
surface electrons oscillate resonantly with incoming field. When electrons are confined
in a metal nanoparticle, this situation becomes localized surface plasmon (LSP) and its
resonant condition with an electromagnetic field is localized surface plasmon resonance
(LSPR) which results in different consequences and is utilized in several applications.
The frequency of these resonances is described by the effective mass and density of

electrons, the size and shape of electron cloud and dielectric functions.

3.1. Theory

Dielectric function defines the behavior of a material under light exposure.

Dielectric function for metals is defined by the Drude formula as

Q.2
g(w) = € — w—pz (3.1)



where & is the converging value of dielectric constant at high frequencies, Qp is the
plasma frequency of metal, and o is the frequency. But this formula does not consider
energy losses experienced by the metal. Plasma oscillation is observed in bulk metals due
to restoring force between negative and positive charges and has a big role in plasmonic

applications. Plasma frequency is given as

2
Q= |— (32)
Mme&y

where n is the density of electrons, e is the electron charge, me is the mass of an electron
and o is the dielectric constant of free space. Most of the metals have plasma frequency
in the ultraviolet regime. Electromagnetic waves with frequency higher than the plasma
frequency have longer penetration depth into the metal and the metal starts to behave like
a dielectric material for these waves as the difference increases. At lower frequencies,
metals have high reflectivity and shorter skin depth. When losses are considered, the
dielectric function of a metal is a complex function. This time, dielectric function
becomes

0.2 . Vﬂpz

= 1 —_ p +
&(w) w? + y? lw(wz +7v?)

(3.3)

where y=1/7 is a material feature describing collision frequency of electrons, which results
in energy losses, i.e. damping and 7 is mean free path time of electrons. The real part of
the dielectric function is responsible for the polarization, while the imaginary part for the

losses. If ® and y are compared,

2 QZ
<7, O A
w KLy e(w) y2+Lwy (3.4)
_QZ QZ
0>y, el ~1--2 4+ (35)
w

Since losses are inversely proportional to «°, high frequencies are preferred to
decrease losses. But also, the excitation frequency ® needs to be lower than the plasma
frequency to prevent penetration into the material and to confine plasmons between
interfaces. So, when y<m<CQp condition is met, it can be said to have a good plasmonic

material.
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The phenomenon of coupled electromagnetic waves with dipole excitations are
called polaritons. Surface electron oscillations induced by electromagnetic waves are
called surface plasmon polariton (SPP) or only surface plasmon. SPPs have
accompanying electromagnetic waves decaying exponentially as the distance from the
surface increases. In Figure 3.1 SPP propagating between metal-dielectric interface and
its evanescent field amplitude as a function of the distance from the interface are shown.

\ Zl\
z
Dielectric T
8y
| | el
+++\>/ = \</+++\>/ —-= Sm/
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Figure 3.1: SPP propagation (left) and field amplitude (right) [75]

After Maxwell’s equations are solved using metal-dielectric interface boundary
conditions, one can easily see that only transverse magnetic (TM) modes survive. Under
no y-dependence assumption, the electric field function of SPP propagating along x-axis
is

E =Eyexp (i(Bx + k,z — wt)) (3.6)

where Eo is field amplitude, B is propagation constant of SPP (component of wavevector
belonging to SPP along x direction), k, is wavevector component along z direction and
complex valued, which causes exponentially decay in z direction. The dispersion relation

of corresponding SPP is

EmE
B =k, |—24 (3.7)
Em + &g
where ko=w/c is wavevector of light in free space, em and &q are dielectric permittivity
functions of the metal and dielectric, respectively. em is a function of frequency, thus it is

possible to see light and surface plasmon dispersions in the same graph:
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Figure 3.2: SPP dispersion relation (ksp=p) [75]

The frequency of SPPs converges to a characteristic surface plasmon frequency

osp, as the propagation constant 3 increases:

‘Qp
Wy = ———
T Tte (38)

In order to excite surface plasmons, energy and momentum matching have to be
satisfied as in SPP-light dispersion graph given in Figure 3.2. When dispersion relations
of a photon and a surface plasmon are examined, it can be seen that light waves in free
space do not have enough momentum to excite a surface plasmon wave at surface
plasmon resonance frequency. A dielectric material which provides additional
momentum to the photon is required to be used so that momentum matching is satisfied.
Also as mentioned before, photons that will excite surface plasmons need to have TM

polarization.

3.2. Experiment

As mentioned above, it is not possible to excite SPPs with incoming light from
free space. In-plane momentum component of free space light is not sufficient to satisfy
momentum matching. It is always B > ko. In order to provide additional momentum, a

dielectric material which has larger dielectric permittivity, or a grating needs to be used.

A metallic deposition having a grating section on its surface can provide required
momentum to the light [78]. An electromagnetic wave sent from free space towards a

metallic grating has chance to create SPP. A grating coupled SPP wavevector is
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) 21
B = kosin(8) = m— (3.9)
where 0 is incident angle of light onto the grating surface, a is spatial period of the grating
and m is an integer. The reverse condition, where SPP is coupled to an electromagnetic

radiation is also possible.

Eair

—» i

Figure 3.3: Otto configuration to excite SPPs

A configuration suggested by Otto uses a triangular prism made of glass and a
spacing between the prism and the metal surface [76]. Evanescent field towards the
metallic surface resulting from attenuated total internal reflection between prism-air
interface has enough momentum to excite SPP in the air-metal interface. Important point
here is this field is able to decay completely before reaching the metal surface. Due to the
difficulty of adjusting the air gap, this configuration is not much preferred. This method

transforms the dispersion relation of SPP to

B =k, &m (3.10)

where ¢ In the equation (3.7) is replaced by 1 since the dielectric is air. If the incident
angle to the metallic surface is 0 and the dielectric permittivity of the prism is gp, the

projection of the wavevector of the evanescent field at the surface is

ky = ko /€, sin(6) (3.11)

. When Ky is matched to , SPP propagates along the air-metal interface.
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Figure 3.4: Kretschmann-Raether configuration to excite SPPs

Sometime later Kretschmann and Raether offered a new coupling technique [77].
According to the Kretschmann-Raether configuration a glass prism with one side
deposited with silver can help momentum matching at the interface between the metal
deposition and another dielectric material. This time the metal layer works as the spacing
layer. Here, again the thickness of the spacing layer should not be so high that the
evanescent field vanishes before reaching the metal-dielectric interface. As long as the

momentum matching equation

EmE
ky = ko /€, sin(B) = B =k, - m+dg - (3.12)
m

is satisfied, SPPs are excited at the metal-dielectric interface.

3.3. SPR Applications

SPR phenomenon has been widely used in biosensor technologies to understand
interactions between biomolecules since the first sensor implemented by Biacore in 1990
[98]. Detection of any biomolecule can be examined with an SPR based sensor. These
sensors rely on the principle that any change in the dielectric function of the sensing
surface causes SPR angle to shift.

In an SPR-based sensor, specialized metal surface (such that molecule A is
immobilized on the metal surface) works as a sensor. A different molecule, say molecule
B, flows over immobilized A molecules. If B attaches to A, the dielectric function of the

surface changes, therefore a change in SPR resonance angle takes place (Figure 3.5). With
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real-time measurements, binding efficiency, rate of association and dissociation can be
determined [99].

Immabilized molecule
Analyte (antibody, for example) Reflectivity
{molecule from probe) ,
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Figure 3.5: (A) SPR-based sensor schematic, (B) Change in SPR angle due to attachment [99]

3.4. Localized Surface Plasmons

Electron oscillations confined in metal nanoparticles can lead to huge field
enhancement. Due to their confined nature, they have not much space to move and they
are called localized surface plasmons. Their excitation, nature and outcomes are quite
different from surface plasmons. Fields around metallic nanoparticles can be enhanced
up to 108 times thanks to LSP, which is a consequence for Raman scattering enhancement.

Also, fluorescence enhancement is possible with LSP coupling.

As particle size goes from bulk to nano-size, lots of characteristic features change.
Gustav Mie completely solved the problem of how a metal nanosphere with radius
comparable with incoming radiation behaves under an electromagnetic field exposure
[79]. Nevertheless, quasi-static approximation which works for radiation wavelengths
much greater than radius of the nanoparticle is sufficient to explain LSP behavior in
optical regime. If the sphere radius is greater than 30nm, higher order modes like

quadrupole and octupole besides dipole are able to be seen.

Skin depth of a material is a function of field wavelength. Nanoparticles with sizes

comparable with skin depth of its material allow some part of the spectrum to go inside.
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Therefore, the field inside the nanoparticle separates charges due to its polarization and
these charges develops a restoring force. The oscillation resulting from this restoring
force is related to the charge density and the effective mass of electrons inside the particle.
Matching the excitation frequency with the oscillation frequency of the charges inside the
nanoparticle causes strong oscillations even with low excitation field intensity. These
dipoles with strong oscillations bring huge field enhancement around the particle. The
field around the particle exposed to an electromagnetic field with the amplitude Eq

polarized along the x-direction is

~
-

x 3X
E,ut = EoX — aE| i r—s(xx +yy + z2) (3.13)
where a is the polarizability of the particle. While the first part of the equation is the field
when there is no nanoparticle, the second part is the field given rise by oscillations inside
the particle.

The damping of these oscillations can be through nonradiative or radiative decay.
Nonradiative decay is due to energy dissipation, while radiative decay due to scattering
[80]. Two values defined to describe these decays are absorption and scattering cross
sections for nonradiative and radiative decays, respectively. However, in nano-sizes,
cross sections are felt differently by every wavelength of light, and it is different from the
physical cross section. Thus, it is better to define an efficiency parameter. The
polarizability under quasi-static approximation, ags, determines the field profile and it is

defined as

em(w) — &g

a,. = 4meye, R3
as 05d% ¢ (w) + 2¢4

(3.14)

where R is the radius of the sphere, €4 and em are the permittivity of surrounding medium
and metal, respectively. The complex permittivity of the metal, em, has real and imaginary
parts which are functions of frequency. Effective absorption cross section which
determines absorbed power to incident power flux can be calculated for a metallic

nanosphere as

k
Ogps = E Im{aqs} (3.15)
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where k is the wavenumber of the external field. Effective scattering cross section which
determines scattered power to incident power flux can be calculated for the same particle
as follows:

k* |2

lags (3.16)

Oscat = ———
SCat T bmeyley

By dividing effective cross section expressions with the physical cross section (zR?),
absorption and scattering efficiencies can be obtained. With a swift observation, it can be
easily realized that absorption and scattering efficiencies are proportional to 1/A and 1/0%,
respectively. Therefore, both depends on R/A ratio. As a consequence, for small particles
absorption cross section dominates the interaction. As the R/A ratio increases, scattering

rate gets much more than absorption, since scattering efficiency is proportional to R*.

The LSPR condition can be achieved simply through considering only the

polarizability, ags. Hence,

em(w) = —2¢4 (3.17)

provides the resonance if the imaginary part of em is neglected, which is a good
approximation for most metals of interest (Ag, Au, Al, etc.). Resonant ags leads to a huge
dipole moment caused by excitation field. Consequently, the local field intensity inside
and around the particle is enhanced [86].

Therefore, the LSP resonance frequency shows different values for different type

of metal, size and shape of nanoparticle as well as the surrounding dielectric medium.

Electron density is the principal factor for choosing the plasmonic material. Due
to the resonance condition given in equation (2.17), resonance frequencies differ. Mostly,
metals with higher electron density are preferred since more electrons result in stronger

oscillation caused by larger polarizability [81].

Size is an important parameter manipulating decay time of the resonant
interaction. Larger particles have higher damping rates [82]. Also, the larger size
increases linewidth of resonance and shifts resonance to red. Larger size allows higher
dipole modes to appear, which results in wider linewidth of resonance, and resonance
shift to the red. Extinction cross section, the sum of absorption and scattering cross
sections, defines the total interaction between the particle and light. Extinction is
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dominated by absorption cross section for smaller sizes, while for larger sizes it is
dominated by scattering cross section [83]. Evaluating these, one can find an ideal

nanoparticle size for resonance.

The resonance is affected by shape more than size. Sphere, disc, rod, triangular or
square shaped metal nanoparticles have different resonance frequency and spectrum.
Particles having edges with higher curvatures show stronger field enhancement near these
areas. Triangular particles have field enhancement near the corners [84]. Ellipsoids which
have long, and short axes can have two different resonance peaks depending on the
polarization of the external field [85]. The long axis creates resonance at a longer
wavelength comparing with the one originating from the short axis. The polarization

direction selects the resonance having the same direction with itself.

Dielectric permittivity of surrounding medium determines the resonance
frequency as in equation (2.17). Increasing the permittivity brings longer resonance
wavelength. Further, another metallic particle locating very close to the particle of interest

can introduce red shift because of interaction.

3.5. LSP Coupled Emission

In previous chapters, it is explained that SPPs are seen in metallic surfaces, while
LSPs are located in smaller metallic nanostructures and have different consequences.
Also, there is no need of using coupling techniques to excite LSPs.

In prior studies of the literature, scientists concluded that lifetime of an excited
electron is an intrinsic characteristic of an atom or a molecule. Purcell proved that this is
wrong. Purcell Effect states that spontaneous emission rate of a material can be changed
by external effects, which leads to a modification in luminescence [74]. This external
effect can be chosen to be surface plasmons of a metallic nanoparticle. Any luminescent
material brought close to a metallic structure is affected by quenching or enhancement of
emission under certain conditions.

Emission of a fluorescent material can be enhanced near a metallic nanoparticle
by tailoring the distance between the emissive and metallic particles. While very small
distances cause quenching due to energy transfer from emitter to metal nanoparticle,
enhancement takes place in larger distances which can be obtained by placing a dielectric

spacer between them. If the emission peak of the emissive material coincides with the
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absorption peak of the plasmonic structure, the enhancement occurs as long as there is a
certain distance between them.

The rate of fluorescent emission ys iS given by

Yri = Yexc -M (3-18)

where vexc IS excitation rate (probability of getting the electron to the excited state), n is
quantum yield. Quantum vyield is the ratio of radiative decay rate and all decay rates
combined (ratio of emitting a photon over all emissions) and is defined as

— Yrad
Yrad t Vnrad t Vint

U (3.19)

where yrad and ynrad are radiative and nonradiative decay rates, respectively. yint is intrinsic
nonradiative decay rate of excited electrons. Phonon emission or reabsorption rates can
be counted in this intrinsic rate and yint can be neglected for efficient emission sources
Since yrad is high. In vacuum, ynrad has no impact, therefore intrinsic quantum yield np is
0
Ho = Yrad (3.20)
V;)ad + Vint

where y%.q is radiative decay rate in vacuum. In the light of (3.18), (3.19) and (3.20),
fluorescent emission rate enhancement Qr is possible to be obtained:

— m — Yexc-N — Yexc Vrad y19ad + Yint _ Yexc n (3.21)
VJQL yeoxc- No Ve?xc Vr(-)ad Yrad + Ynrad + Yint yeoxc

QF

In equation (3.21), yint is neglected. Consequently, (3.21) tells that the excitation
rate which is proportional to the fluorescent emission rate can be enhanced with external
effects. But as mentioned previously, the distance of the fluorescent to the metal particle
should be tuned in order to see enhancement.

In 2006, Novotny reported experimental and theoretical study of quenching and
enhancement [87]. They used 20, 60, 80 and 100 nm diameter gold spheres to investigate
the distance factor on fluorescence emission rate, theoretically. Radiative emission rate
enhancement increases as the metallic particle got closer, but after a maximum
enhancement distance, fluorescent emission quenches rapidly. For 20 nm gold particle,
no enhancement is expected, however quenching occurs for distances shorter than a
certain amount. Reason of quenching was explained such that quantum yield decreases
faster than the increasing speed of excitation rate as the distance decreases [97]. Attaching

an 80 nm gold particle at the end of a fiber, and controlling its position accurately, they
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examined the effect of distance on a single molecule and obtained consistent results with
the theory.
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Figure 3.6: Effect of gold nanoparticles with diameter d and z nm distant from
fluorescent material on the radiative emission rate [87]

LSP coupled emission has some advantages over SPP coupled emission, such that
LSPR frequency is adjustable with type, size, geometry and interparticle distance of metal
nanoparticles and due to confinement and not being able to propagate long distances,

energy loss is less [92].

3.6. Fabrication Methods of LSP Sources

LSP requires metallic nanoparticles. It is possible to fabricate metallic
nanoparticles through vacuum deposition, electron beam lithography (EBL), nanosphere
lithography or chemical synthesis.

Vacuum deposition is a facile way to produce metallic nanoisland films that
exhibit localized surface plasmon properties. After deposition, thermal annealing can help
tune LSPR frequency. Annealing at different temperatures for different durations changes
peak absorption wavelength by controlling nanoisland size and height [93].

In order to fabricate certain nanoparticle shapes with high resolution, EBL is a
rich and precise method. Steps for producing desired structure in EBL is given in Figure

3.6(a) [94]. Pompa et al. fabricated an array of triangular gold prisms by EBL and these
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structures showed LSP source feature [95]. Disadvantages are the cost of equipment and
the difficulty of scaled-up production over large areas.
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Figure 3.7: (a)EBL steps [94], (b) Nanosphere lithography process [96]

Nanosphere lithography utilizes a solution containing nanospheres that will work
as a mask for vacuum or electron beam deposition [96]. Hexagonally closely packed
spheres allow triangular areas among every three adjacent spheres to be filled with metal
nanoparticles during deposition. After removal of nanospheres, metallic triangular
nanoparticles that will serve as LSP sources are obtained. Corners of the nanotriangles
exhibit strong collective electron oscillations which are useful for field enhancement.

However, obtaining different shapes than triangles is difficult.
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CHAPTER 4

EXPERIMENTAL METHODS

4.1. Physical Vapor Deposition

Itis possible to produce metal nanoisland films by using physical vapor deposition
in order to achieve LSP resonance. Physical vapor deposition (PVD) is a method of thin
film deposition. Some PVD techniques are thermal evaporation, electron beam (e-beam)
evaporation, reactive and activated reactive electron beam evaporation, sputtering,
filtered cathodic arc deposition, ion plating, pulsed laser deposition. We used thermal

evaporation chamber in the glovebox within the body of IZTECH Photonics Laboratory.

4.1.1. Mechanism of Thermal Evaporation

This technique is based on heating the source material resistively in a vacuum
chamber. The reason of vacuum requirement is to benefit from facilitation of vaporization
under vacuum, and to prevent interaction with floating particles. A large current is applied
through the boat (a thermally tolerant material, usually made of tungsten) in which the
source material is held. Electrical resistivity of the boat generates heat resulting in
evaporation of the source material. The vapor of the material travels randomly through
the high vacuum chamber. When reached on a surface, it condenses and constructs a film.
A schematic of a PVD chamber is given in Figure 4.1.

The sample to be deposited face downward above the source material. Before
deposition, after samples are placed, a rough pump in the chamber reduces pressure to
1 mBar. At this value, a turbomolecular pump gets activated and starts to evacuate even
faster. 10° mBar is sufficiently low pressure to evaporate most metals. User controls
current that passes through the Tungsten boat. When enough heat is attained through
electricity, evaporation begins, and the vaporized material moves randomly in the
chamber. A shutter placed between the sample and the source prevents deposition on the
samples in the beginning. The current flowing through the boat is varied to obtain a
desired rate, which is measured by a quartz crystal microbalance (QCM) sensor. After
reaching a target rate, the shutter is opened, and deposition starts. Thin film thickness is

characterized by the deposition rate and deposition time. The movable shield (shutter) is
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restored as the thickness arrives at the aimed value. Current flow is slowly decreased to

stop evaporation. Chamber is refilled and samples are taken out.
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Figure 4.1: Thermal evaporation chamber

Advantages of thermal evaporation are:
e Simple and cheap,
e Less surface damage,
o Perfect film purity.
Readers interested in more details about PVD techniques are suggested to consult
in references [88] and [89].

4.2. Atomic Layer Deposition

Atomic layer deposition (ALD) is the process that after every cycle one lattice
thick layer of a material is being grown on a substrate or sublayer. It is also known as
atomic layer epitaxy. This method enables its user to obtain very precise layer thicknesses.
Thanks to its good reproducibility, it is a widely preferred technique when uniform layers
are needed. In this thesis study, ALD is utilized to obtain Al.Os layers in various

thicknesses.



During our experiments, ALD Cambridge Nanotech Savannah S100 located in the
clean room of Bilkent University UNAM was used.

4.2.1. Working Principle of ALD

The ALD chamber has one gas input hole and one vacuum output hole both
looking upwards, between which samples are placed. After samples are settled in the ALD
chamber, the chamber is vacuumed, and the temperature is increased to a desired degree.
Since the deposition temperature has the ability to change the layer thickness after each
cycle as a result of changing bond lengths (temperature-bond length table is given in the
table below), the temperature needs to be stable as long as the process continues.

Before the deposition, the samples are already affected by water molecules
because of the ambient conditions, that is H2O molecules in air decomposes to their
hydroxyl groups, and their adsorption to the substrate establishes a favorable setting for
ALD process.

After obtaining vacuum and constant temperature, a pulse of trimethylaluminum
(Al(CHz)3 a.k.a. TMA) gas is sent to the chamber and it flows over samples. TMA
molecule and a hydroxyl group adsorbed on the sample surface interact, leading to
methane (CH4) gas formation, while aluminum with its remaining two methyl groups
bonds to an oxygen atom which lost its hydrogen to a methane molecule (Figure 4.2-3).
Other than Al>O3, one might want to use a different material to deposit. Then, the only
change will be the precursors such as:

e diethylzinc (CHs).Zn) for ZnO,
o tetrakis(dimethylamido)titanium (Ti(NMe2)s) for TiOg,
o tetrakis(dimethylamido)hafnium (Hf(NMez)4) for HfO.
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Figure 4.2: TMA is sent to the ALD chamber Figure 4.3: TMA molecules bond to O atoms and
extract CH4

Next step to waiting for excess products (excess TMA, H20, CH4) to leave the
chamber is to send a pulse of pure water (Figure 4.4). The oxygen in a water molecule
gives its hydrogens to each remaining methyl groups of Al. At the end, the by-product is
methane, again. While Al atoms are holding each other via O atoms, every Al has got a
hydroxyl group towards the surface direction as in the beginning, establishing an
infrastructure for future layers (Figure 4.5). Consequently, a layer consisting of 2 Al and
3 O atoms is formed (Figure 4.6). The representation of a layer consisting of three layers

is given in Figure 4.7.

Methane reaction product

New hydroxyl group

Methane reaction

product Oxygen bridges

Figure 4.4: H20 enters the chamber Figure 4.5: By-product CH4 molecules leave while new
hydroxyl groups and O bridges between aluminum
atoms are forming.

Figure 4.6: One layer of Al203 with its hydroxyl group Figure 4.7: 3 layers of Al203

25



Some of obtained thickness values by the manufacturer for different precursors at
different temperatures are given in the table below.

Al2O3 ZnO TiO2 HfO2
80°C 1.25-1.3A/cycle
150°C | 1.04A/cycle 0.40A/cycle
200°C | 1.05A/cycle | 1.46A/cycle 0.40A/cycle | 1.01A/cycle
250°C | 1.06A/cycle 0.39A/cycle
300°C | 1.08A/cycle

Table 4.1: Layer thickness for different temperatures and materials

4.3. Scanning Electron Microscopy

A scanning electron microscope (SEM) is a microscope that focuses and scans
electrons instead of light on the contrary of traditional optical microscopes in order to get
a display of a sample. Interaction of these focused electrons create various signals that
are collected by detectors to get knowledge about the surface of a sample. Quantity of
electrons coming out of every scanned unit area determines the contrast of the pixel of
the picture that created on the computer screen. In conclusion, user sees a black-and-white
image of the sample surface.

Visible wavelengths differ from 400nm to 700nm. If the average wavelength is
accepted for our calculations, theoretical limit of sample visibility of an optical
microscope is about ~275nm. To see beyond this size, it is restricted to use a wavelength
shorter than this limit. Electrons give opportunity to overcome the limit and see smaller
sizes with their smaller wavelength.

In our SEM analyzes, FEI Quanta 250 FEG SEM within the body of Integrated
Research Centers (TAM) in IZTECH was used.

4.3.1. Working Principle of SEM

An optical microscope and a SEM consist of components which have very similar

tasks but are of different structures (Figure 4.8). Main SEM parts are specimen chamber,

26



vacuum system, electron gun, column, detectors, imaging system and water chilling
system.

Samples are placed in the specimen chamber of SEM. When enough vacuum is
reached, samples are ready to be observed. Vacuum is needed to prevent scattering of
electrons by gas molecules before they reach the sample. A SEM may have two vacuum
modes: high and low. Depending on the specimen type (e.g., biological, solid state, etc.)
some specimens can be seen better at one of these modes, while worse at the other.

Electron gun, a filament on the ceiling of the specimen chamber, produces
electrons and shoots them towards samples at a speed. The speed of electrons is controlled
by voltage. The higher the voltage is, the faster the electrons are. This speed and the
density of the sample determine how deep electrons can penetrate the sample. Areas
containing higher atomic number elements produces brighter pixels on the computer
screen since source electrons interact higher number of electrons, comparing with areas

with elements of lower atomic number do.
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Figure 4.8: Comparison of SEM with an optical microscope [35]

Until electrons interact with the specimen, they pass through some electron lenses
and apertures for the width and therefore, spot size of electron beam to be controlled.
Electron movement can be controlled by a magnetic field which is provided by magnetic
lenses in the column. Magnetic field causes electrons to follow a helical path downwards,
as shown in Figure 4.9. Altering the current flowing through the coil, focal length is

changed. The condenser lens changes the intensity falling onto the sample. The objective
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lens provides focusing. Scan coils placed above the objective lens maintains scanning
over the sample to get complete image of the desired area.

Ve

Figure 4.9: Helical path of electrons [35]

Electrons hitting on the surface produce secondary electrons, backscattered
electrons, and characteristic X-rays, all of which has a different detector type.
Backscattered electrons are electrons that bounce back after hitting the sample. These are
collected by backscattered electron (BSE) detector. Electrons removed from the sample
after the impact of source electrons are called secondary electrons and gathered by
secondary electron (SE) detector. As conclusions of these interactions, X-rays, light or
heat are radiated (Figure 4.10). The detector for energy dispersive X-ray spectrometry
(EDX or EDS) catches X-rays to inform the user about the containing of the sample. Only
SE detector requires high vacuum. Both other detectors can work under low vacuum.

As demonstrated in the Figure 4.10, SE detector gathers information from the
specimen surface. SEs, as low energy electrons, requires SE detector is closer to the
sample than BSE detector. SEs are good tool to understand the topology. On the other
hand, BSE detector collects higher energy electrons and obtains information about
subsurface.

Images the user see differs according to the spot size. Large spot spans areas via
larger points, thus the source of the pixel created on the computer screen is from a large
area. That means the user is not able to see details of the specimen. In Figure 4.11 the
topology perceived by the user is demonstrated by the scan line.

SEM also needs 20°C temperature for its magnetic lenses to work properly. There
is also a feedback mechanism for the cooler: If it fails and lenses get hotter than the

normal, SEM shuts itself down.
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Figure 4.10: Source electrons - sample interaction [35]
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Figure 4.11: Spot size comparison [35]

4.4. Optical Spectroscopy

In pursuance of characterization of samples, transmission, absorption,
photoluminescence (PL) and time-resolved photoluminescence (TRPL) measurements
were carried out. The measurement device for all these analyses were Edinburgh FS5

Spectrofluorometer of IZTECH Laboratories. The device has 150W Xenon arc lamp.



Light sources made of xenon can present every visible color, which makes them
a reliable candidate for representation of the Sun. A spectrum comparison for the Sun, a

xenon arc lamp and a metal halide lamp are given in Figure 4.12.
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Figure 4.12: Sun, xenon arc and metal halide lamp spectrums [90]

4.4.1. Photoluminescence

The process of emitting photon as a result of photonic excitation of a material is

called photoluminescence. PL measurement schematic is given in Figure 4.13.

PL measurement requires shorter wavelengths than the emission wavelength of a
material. Since ultraviolet (UV) light has longer wavelength and higher energy than the
visible spectrum has, usually an ultraviolet wavelength is used to see a visible emission.

In a PL setup, photons coming out of a light source visits a monochromator to
eliminate photons with undesired wavelengths. Light having the desired wavelength
passes through a tunable slit to tune its bandwidth. Source light hits the sample and the
sample emits new photons with lower energies. The emission bandwidth is controlled by
another (exit) slit. Another monochromator placed before a photodetector array to
measure intensity of incoming light for every wavelength. The photodetector catches
these photons and a computer makes a histogram for every wavelength.
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Figure 4.13: Photoluminescence measurement schematic

4.4.2. Transmission

Transmission measurement is useful to determine a materials transparency feature
for different wavelengths. In a typical transparency measurement, the sample is placed
between an excitation source and a detector. An excitation monochromator picks
wavelengths as in PL measurement. A photodetector collects photons passing through the
sample. According to the intensity of light gathered by the photodetector, a histogram is
created by a computer to see how much light is transmitted for which wavelength. A

simplified transmission measurement setup is given in Figure 4.14.
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Figure 4.14: Transmission measurement schematic

Transmission information is typically given in percentages. Thus, the quantity of
light produced by the source has to be known. If the measurement can be done without a
sample and the result taken from the sample is divided by the result with the sample,

percentage information for every wavelength can be obtained.



4.4.3. Absorption

An absorption measurement requires subsequent transmission measurements. To
measure how much light is absorbed, one need to know how much light is produced by
the source. As in the transmission measurement, if the measurements with and without
the sample are implemented, absorption information can be extracted. The difference of
the results of these two measurements give the absorption data. Again, percentage can
be calculated by the ratio of this data to the result of no sample data.

4.4.4. Time Resolved Photoluminescence

Decay rate of a material’s excited electrons are evaluated by a time resolved
photoluminescence (TRPL) (or time correlated single photon counting (TCSPC)) setup.
A pulsed laser source is obliged to excite electrons in a TRPL setup. After each pulse,
with the help of a fast photomultiplier tube (PMT) detector, a computer counts photons
and creates a histogram for every time point the detector catches photons. After the fitting
of this histogram to a multi- or mono-exponential function, decay rates are found by using

time constants of this function.

The off time of the pulse period of the laser must be longer than inverse decay
rate, lifetime, of electrons. Otherwise, most of the excited electrons stay excited when a
new pulse of the laser is sent. This situation does not give enough information to obtain

the lifetime.

4.5. Atomic Force Microscopy

Atomic force microscopy (AFM) is used to figure out the surface topology of a
specimen. At the bottom surface of a cantilever, a needle touching or hovering over a
surface describes how rough, wavy, inclined, or smooth the sample is.

An AFM has three modes of operation: contact mode, tapping mode, and non-
contact mode. Contact mode makes the needle almost touch the surface to create surface
data. Tapping mode makes the needle do an oscillatory motion and the tip of the needle
almost touch the surface at its lowest point of oscillation. This mode prevents breakdown
of the needle when the surface roughness is high. The needle does not get so close as in

the other modes in non-contact mode, but it makes an oscillatory motion, too.
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Owing to roughness of silver surfaces deposited via thermal deposition in this
study, tapping mode of operation is used to define surface roughness and average layer

thickness of silver films.

4.5.1. AFM/ Tapping Mode

The cantilever’s oscillating motion with the amplitude changing between 20 - 100
nm gathers surface information from the sample. This oscillation is very close to the
resonant frequency of the cantilever. At the minimum point of the oscillation, the needle
touches softly, taps on, the sample. The vibration frequency changes upon this contact.
The deviation from the resonant frequency defines the height on that point.

Tapping mode averts forces related to the tip of the needle, which can damage the
sample surface and is useful for weak structures. Image resolution changes due to tip

diameter of the needle. Smaller diameter tips give higher detailed images.

Figure 4.15: Optical and SEM images of an AFM tapping mode needle [35]

4.6. Perovskite Nanowire Synthesis

Perovskite nanowires were synthesized by adapting Daniel Amgar, et al.’s tunable
length perovskite recipe [36].

According to this method, Cs-oleate synthesis was implemented in a 50 mL 2-
neck flask. 0.4 g Cs>COz and 1.25 mL OA were added into 15 mL of ODE. Then, this
mixture waited for 1 hour at 120°C to be degassed. Later providing N2 atmosphere inside
the flask, the temperature was increased to 150°C and waited for 1 hour to obtain Cs-

oleate.
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PbBr» precursor was acquired by solving 0.735 gr of PbBr2 in 5 mL of DMF inside
a 20 mL glass vial. This solution heated for 1 hour at 80°C. In order to get rid of
undissolved excess PbBr», the solution was filtered with a 0.22 um filter.

For nanowire formation a different 20 mL glass vial which was called reaction
vial was used. 0.125 mL of OA, 0.125 mL of OAm and 1.25 mL of ODE were mixed in
the reaction vial. Firstly, 0.1 mL of Cs-oleate precursor was added to the reaction vial.
Later 0.2 mL of PbBr precursor was added. After 10 seconds of stirring, 5 mL of acetone
added. The solution color became turbid white and slowly turned to green. Acetone
provided the crystallization of nanowires. The total CsPbBrs nanowire solution was about
6.5 mL. This solution divided to six 1 mL centrifuge cases. To collect precipitate
nanowires, centrifuge cases were centrifugated at 3000 rpm for 5 minutes. The
supernatant solution which involves DMF, acetone, and other excess materials pipetted
out. Over the precipitate, 1 mL of hexane were added into each case to disperse
nanowires. After one more centrifugation at 3000 rpm for 5 minutes, supernatant CsPbBrs3
nanowires dispersed in hexane were collected from each centrifuge case to a new 20 mL

glass vial and sealed and kept in a fridge for further usage.
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CHAPTER 5

EXPERIMENTAL RESULTS

Our experiment was consisting of 3 parts: nanowire synthesis, plasmonic layer
deposition and combining both of them.

As mentioned in the section 4.6, perovskite synthesis recipe from the reference
[36] is used. In our experiments, we realized that by changing the reaction vial, PbBr-
precursor and Cs-oleate precursor temperatures it is possible to change synthesis yield,
PLQY and peak emission wavelength. After discovering that, we decided to shift the peak
emission a little further than the original synthesis which gives peak emission at ~455nm.

The second part of the experiment was finding a proper thickness for plasmonic
layer. Silver nanoisland layers in several thicknesses were annealed for different times
and their absorption characteristics were compared. The one with the best absorption
intensity was picked in order to obtain a strong resonance. Also, the peak of absorption
belonging to the selected sample was at a lower wavelength than the peak emission
wavelength of nanowires, so that after the dielectric spacer deposition peaks could match.

At the last part, nanowires were spin coated over Ag nanoisland-Al.Oz complex.
For every dielectric layer thickness, PL and TRPL measurements were implemented to
see enhancement and lifetime changes.

For PL, TRPL, PLQY and absorption measurements, Xenon arc lamp was used

as excitation source. Xenon arc lamp spectrum is given in Figure 5.1.
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Figure 5.1: Xenon lamp emission spectrum
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5.1. Nanowire Synthesis

Precursor temperature has high influence on synthesis. It is concluded that Cs-
oleate precursor temperature has effect on only emission intensity of nanowires. Keeping
the reaction vial (involving 1.25 mL ODE, 0.125 mL OA and 0.125 mL OAm) and PbBr>
precursor at room temperature while using Cs-oleate at different temperatures, it was
observed that emission intensity got higher for higher temperatures. The emission
characteristics of nanowires synthesized with Cs-oleate at 100°C, 125°C and 150°C are

given in Figure 5.2. PL peaks located at 456-457 nm.
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Figure 5.2: PL of nanowires synthesized with Cs-oleate at 100°C, 125°C and 150°C

Different temperatures of reaction vial (RV) and PbBr-precursor resulted in
double peaked emissions, which is not useful for plasmonic enhancement investigation.

However, using RV and PbBrz-precursor at the same temperature caused a red
shift in peak. Normalized PL for synthesis at RT, 70°C and 85°C are given in Figure 5.3.

Perovskites are well-known for their degradation with time and ambient
conditions. This was tested with the same perovskite precursor. The same amount of
perovskite precursor solution was deposited on glass. One of them kept in glovebox and
one under ambient conditions. One week later, a new deposition was done, and
measurements were taken. Decrease in PL intensity was experienced for both of
depositions which were made one week before. But ambient conditions influenced

perovskites more harshly. Results for these observations are given in Figure 5.4,
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Figure 5.3: PL for RV and PbBr,-precursors at RT, 70°C and 85°C

4000000
3500000;
BDDUOOD;
2500000:
2000000:
1500000;
1000000;

500000;
0

-500000

—— Ambient 1 week
———————— Glovebox 1 week
- New deposition

380

—— T T T 1T 1T "~ 1 " 1T " 1
400 420 440 460 480 500 520 540 560

Wavelength (nm)

Figure 5.4: PL intensity degradation with time and conditions
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5.2. Plasmonic Layer Fabrication

To observe LSPR effect, sharp edges in nano-sizes are useful. Therefore,
nanoislands which have steep peaks were chosen as plasmonic layer. Thermal
evaporation (mentioned in Section 4.1) is a facile way to fabricate a nanoisland layer.

First step was to choose a metal to serve as plasmon source. Gold has absorption
peak wavelength way farther than our nanowire’s PL peak. Thus, it was not suitable for
our purpose. On the other hand, silver has a peak absorption which is towards blue side
of the spectrum and it is a renowned plasmonic material for enhancement purposes. For
this reason, silver was selected.

Silver layer thickness determines the plasmonic behavior. If it is too thick,
plasmonic effects can vanish since the electron confinement will be terminated. After a
suitable thickness is picked, a careful engineering to tune the absorption peak is needed.

Accordingly, silver nanoisland layers were deposited on glass substrates.
Deposition rate was kept as 0.1 A/s so that nanoislands can be distinguishable in order to
see more LSPs [100]. To find an acceptable absorption feature, several nanometers of
silver was deposited and annealed for different durations. Obtained results are discussed

in the following paragraphs.
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Figure 5.5: For 7.5nm, 10nm and 12.5nm silver nanoisland layer a) absorption spectrum and b) normalized
absorption spectrum.

At the beginning, 5 nm thickness was examined. Its absorbance was found lower
than 1/2 that we do not consider it as a plasmonic layer candidate. It is only considered in
Figure 5.10 to show the difference. In Figure 5.5, raw and normalized absorption data of

7.5, 10 and 12.5 nm silver nanoisland layers are given. The information on how these
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measurements were implemented are given in Section 4.4.3. Figure 5.5a can be
interpreted such that an increase in thickness causes absorption peaks to redshift while
the absorption intensity increases. These peaks are the result of the coincidence of
frequencies belonging to plasmons and incident field [100]. Due to larger nanoisland
structures, 12.5 nm layer had a maximum at a longer wavelength and a broader spectrum

(Figure 5.5b). Related peak wavelengths are shown in the legend of Figure 5.5b.
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Figure 5.6: a) Absorption and b) normalized absorption of 7.5 nm silver nanoisland layer annealed for
different durations.

Silver nanoisland layers with the thickness of 7.5 nm were annealed at 200°C
inside the glovebox for 3s, 10s, 1min, 2 min, 5min, 15min, 30min and 60min durations
(Figure 5.6). Even for 3s of annealing, the peak wavelength moved to blue side of the
spectrum nearly 75nm. It was observed that the longer the annealing time, the shorter the
absorption peak and linewidth (Figure 5.6b). However, it is not the case for the absorption
intensity. The highest intensity for the layer of 7.5nm thickness was for 5 minutes of
annealing. For longer durations, absorbance decreased. For peak vs. annealing time
measurements which were obtained from these measurements (Table 5.1), a fitting was

possible (Figure 5.7).
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Annealing time | Peak wavelength
0 540 nm

3 seconds 465 nm

10 seconds 464 nm

1 minute 458.5 nm

2 minutes 454 nm

5 minutes 451 nm

15 minutes 446.5 nm

30 minutes 443.5 nm

60 minutes 437.5nm

Table 5.1: Table for 7.5nm silver nanoisland layer annealed at 200°C,
annealing time vs. peak absorption wavelength
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Figure 5.7: HarrisFit of data in Table 5.1.

Investigations were implemented on 10 nm and 12.5 nm layers, too. Likewise,
blueshift with the increasing time was observed on these samples. Since 12.5 nm samples
had the greater absorbance before annealing, a higher annealing temperature was
experimented. 12.5 nm samples were annealed at 200°C and 300°C. In the same manner
as 7.5 nm samples, 5 minutes of annealing had the greatest absorption at both
temperatures (Figure 5.8). 200°C samples had the same peak (453 nm) for all annealing
durations (Figure 5.8a). 300°C samples had shorter linewidth and blueshifted with
annealing time (Figure 5.8b). Peak distribution vs. annealing time demonstrated similar

trend as 7.5 nm (Figure 5.9).
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Figure 5.8: 12.5 nm silver nanoisland layers annealed at a)200°C and b)300°C. Legends show annealing
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Table 5.2: Table for 12.5nm silver nanoisland layer annealed at 300°C, annealing time vs. peak absorption

wavelength

\ —m— Peak Wavelength

Anneali

— .
8 10 12 14
ng Time (min)

Figure 5.9: Graph of Table 5.2

Consequently, absorbance characteristics for 5 minutes of annealing are compared

in Figure 5.10. 12.5 nm annealed at 300°C for 5 minutes exhibited greatest absorbance

(Figure 5.10a) and the shortest linewidth (Figure 5.10b) among the samples. Therefore,

this sample was picked for further use.
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Figure 5.10: a) Absorption and b) normalized absorption of samples exposed to 5 minutes of annealing

A new sample was prepared using the same procedure. Raw and annealed surfaces
were examined through AFM characterization (Figure 5.11). Measurements showed that
annealing results in higher nanoislands with higher surface roughness. The cantilever
used for AFM measurements has resonance frequency of 320 kHz and force constant of
42 N/m. In Figure 5.11a, silver nanoislands are homogeneous in shape and distribution.
RMS roughness obtained from Figure 5.11a is 2.27 nm and maximum height is 17.7 nm.
Figure 5.11b shows related 3D profile. On the other hand, annealing merges nanoislands
and creates island areas with higher peaks while causing empty areas among nanoislands.
Figure 5.11c belongs to 12.5 nm sample annealed at 300°C for 5 min gives RMS
roughness of 11.48 nm with 81 nm maximum. Corresponding 3D profile is presented in

Figure 5.11d. AFM measurements were consistent with the literature [100].

Figure 5.11: AFM measurement results of 12.5 nm silver nanoisland layer deposited with 0.1 A/s a) and b)
after deposition; c) and d) after annealing at 300°C for 5 min.
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Figure 5.12: SEM images of 12.5 nm Ag layer deposited via thermal evaporation. 5 um scale images a)
before and b) after annealing. 500 nm scale images c) before and d) after annealing.

SEM characterization proved the homogeneity and aggregation. Figure 5.12
shows SEM images of the samples given in Figure 5.13. As mentioned before, Figure
5.12a and 5.12b, which are images before and after annealing, respectively, have
homogenous distribution. Under a smaller scaled observation, nanoislands are
distinguishable (Figure 5.12c) and after annealing, island-to-island distance increases due
to merging, which causes higher silver peaks (Figure 5.12d) as established by AFM
measurements (Figure 5.11).

Figure 5.13: 12.5 nm silver a) before annealing, b) after annealing

Figure 5.13 shows images of 12.5 nm silver deposition before and after annealing.
Consistent with the absorption characteristics, the raw layer has a purple color (under
ambient light) resulting from higher absorbance in longer wavelengths, and annealed
layer has a yellowish color arising from absorbance in bluish colors.

As the next, Al>Os layer was deposited over 12.5 nm silver nanoisland layer which
was annealed at 300°C for 5 minutes. For the purpose of observing the enhancement in
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fluorescence step by step, deposition thicknesses were increased with 3nm steps up to 24
nm. Thus, 9 samples of 12.5 nm silver layer were prepared on quartz. Atomic Layer
Deposition, which is explained in Section 4.2, was utilized to deposit alumina spacer
layers. Peak absorption wavelength increased with the spacer thickness and the thickness
caused widening in linewidth. The spacer layer on nanoislands acts as a shell on
nanoparticle. Dielectric function of the shell material determines the shift. For this reason,
another dielectric material such as SiO, would result in a different amount of redshift in
every thickness. Absorption peaks for samples with different thickness values are given

in Table 5.3. Corresponding normalized spectra are given in Figure 5.14.

Al20s spacer Absorption
thickness (nm) Peak (nm)

0 441

3 451

6 478

9 494

12 500

15 505

18 509

21 521

24 531

Table 5.3: Spacer thickness-peak wavelength table
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Figure 5.14: Normalized absorption for samples deposited with 3 nm steps of Al.O3
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5.3. Combining Excitonic and Plasmonic Layers

PL characteristic of perovskite nanowires that was used in this study is given in
Figure 5.15 with enhanced emissions. NWs in hexane were deposited on
Al>,0O3/Ag/Quartz structure. Nanowires under the influence of silver nanoislands enhanced
their PL emission as long as their separation is enough. The samples without sufficient

distance got quenched PL.
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Figure 5.15: PL intensities with different spacer thicknesses. "glass" data belongs to
perovskite deposited glass substrate.

The NW/Ag sample exhibited quenching of PL due to direct contact of emitter
and metal. Emitter touching the metal causes excited electrons to decay over electronic
states of metal. This happens due to nanowires’ wavefunctions expanding beyond metal’s
borders. Placing a distance via a dielectric material (such as SiO», or Al2O3 as in this
study) can prevent electron leakage. This spacer acts as a potential barrier for electrons,
therefore the longer the distance, the lower the probability of tunneling. However, LSPs
create a field enhancement very near to boundaries of metal nanoparticle. Therefore, there
Is a spacer thickness that satisfies the optimum for this trade-off. In accordance with this,
for perovskite/Al,O3/Au samples the PL intensity increased towards and decreased
beyond the optimum thickness (Figure 5.16). 18 nm sample showed maximum PL

enhancement of 78.3%.
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Figure 5.16: Field enhancement normalized to perovskite on glass data

TRPL measurements given in Figure 5.17 shows that radiative and nonradiative
decay times changed. The downward change in lifetimes proves that the coupling is
successful. For the perovskite/Ag sample the net difference of radiative and nonradiative
decays resulted in quenching of PL intensity, therefore it has the fastest decay of all.
Domination of radiative decays over nonradiative decays is the reason of enhancement in
PL-enhanced samples. Intensity average lifetimes were calculated as 3.02, 0.84, 2.27,
2.06, 3.38, 4.1, 4.47, 455, 4.62 and 5.12 ns for glass and 0-24 nm data, respectively
(Figure 5.17b).
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Figure 5.17: a)TRPL data, b) Intensity average lifetime vs. Al,Os thickness
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CONCLUSION

In this thesis we investigated consequences of LSP coupling with perovskite
nanowires. Firstly, we examined perovskite structure, its properties, and their synthesis
methods. Later, we gave information on surface plasmons and localized surface
plasmons, and we discussed how they can be utilized and fabricated. After describing our
experimental methods, we elucidated our aims and why we needed them in Experimental
Results section. Consequently, we obtained 78.3 % of field enhancement when the Al>O3
layer thickness was 18 nm. 81.1% of PL quenching was observed for the condition where
there was no distance between perovskite NWs and Ag nanoislands. PL-quenched
samples had intensity average lifetime of 0.84 ns. As the thickness increases, we saw that
lifetimes increase. We observed intensity average lifetimes greater than the on-glass
sample and we attribute this to double gaussian emission in our nanocrystals, which is a
result of emission from nanocrystals of two different sizes. If we had one gaussian
emission, as a result of enhancement, we should have observed faster lifetimes and
lifetimes would have increased up to the value of on-glass sample with increasing spacer
thickness because increasing thickness lowers the effects of plasmons.

We hope that this study helps improvement of fluorescence enhancement studies

and understanding the enhancement mechanism better.
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