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ABSTRACT

USE OF OPTICAL METHODS FOR STUDYING
PHOTOCURRENT GENERATION MECHANISM IN
SILVER NANOWIRES AND DEFECTS IN GLASS

Merve Ustiingelik
M.S. in Materials Science and Nanotechnology
Advisor: Talip Serkan Kasirga
June 2021

The light-matter interaction covers a wide range of physical phenomena which
can be used for the investigation of materials. This interaction can be used
both spectroscopically and microscopically to investigate fundamental material
properties such as structural, optical, and electrical properties. In this thesis, I
used optical methods to characterize materials on macro and nanoscales based on
different light phenomena such as scattering, transmission, absorption, and re-
flection. First, I used Raman spectroscopy in a diffraction-limited setup to show
that the trapped gas inside the bubble defects can be identified in a matter of
seconds non-destructively. Also, I investigated near-field methods to gain further
understanding about chemical, optical and structural information in nanomate-
rials by using an aperture-based transmission mode Near-field Scanning Optical
Microscopy (SNOM). Finally, I used scanning photocurrent microscopy to demon-
strate photocurrent generation in silver nanowires and nanowire networks. This
thesis demonstrates that light-matter interaction can provide useful information
in the characterization of a vast class of materials. The advantages of the non-
destructive Raman technique in defects analyses, the challenges of working in the
near-field region in nanomaterials characterization, and also the photocurrent
generation in silver nanowires for the first time have been demonstrated with

experimental results.

Keywords: Raman Spectrocopy, Aperture-SNOM, Near-field Raman, 2D mate-
rials, Scanning Photocurrent Microscopy, Near-field Scanning Photocurrent Mi-

croscopy, Glass defects, Silver Nanowire.
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OZET

GUMUS NANOTELLERDE FOTOAKIM URETIM

MEKANIZMASINI VE CAMDAKI KUSURLARI
INCELEMEK ICIN OPTIK YONTEMLERIN
KULLANIMI

Merve Ustiing:elik
Malzeme Bilimi ve Nanoteknoloji , Yiiksek Lisans
Tez Danigmani: Talip Serkan Kasirga
June 2021

Isik-madde etkilegsimi, malzemelerin arastirilmas: i¢in kullanmilabilecek ¢ok
cesitli fiziksel olaylar1 kapsar. Bu etkilesim, yapisal, optik ve elektriksel ozellikler
gibi temel malzeme ozelliklerini arastirmak icin hem spektroskopik hem de
mikroskobik olarak kullanilabilir. Bu tezde, sacilma, iletim, absorpsiyon ve
yansima gibi farkli 1gik fenomenlerine dayali olarak makro ve nano oOlgekte
malzemeleri karakterize etmek i¢in optik yontemler kullandim. Ik olarak,
kabarcik kusurlarinin iginde hapsolmug gazin birkag saniye icinde tahribatsiz bir
sekilde tanimlanabilecegini gostermek icin kirinim sinirhi bir kurulumda Raman
spektroskopisini kullandim. Ayrica, bir aciklik tabanli iletim modu Yakin Alan
Taramali Optik Mikroskobu (SNOM) kullanarak nanomalzemelerdeki kimyasal,
optik ve yapisal bilgiler hakkinda daha fazla bilgi edinmek ic¢in yakin alan
yontemlerini aragtirdim. Son olarak, giimiig nanotellerde ve nanotel aglarinda fo-
toakim olusumunu gostermek icin taramali fotoakim mikroskobu kullandim. Bu
tez, 1sitk-madde etkilegsiminin, genig bir malzeme sinifinin karakterizasyonunda
yararh bilgiler saglayabilecegini gostermektedir. Tahribatsiz Raman tekniginin
kusur analizlerindeki avantajlari, nanomalzemelerin karakterizasyonunda yakin
alan bolgesinde ¢aligmanin zorluklar: ve ayrica glimiis nanotellerde ilk kez foto
akim iiretimi deneysel sonuclarla gosterildi.

Anahtar sézciikler: Raman spektroskopisi, acikli-SNOM, Yakin-alan Raman,
2B malzemeler, Taramali Fotoakim Mikroskobu, Yakin-alan Taramali Fotoakim
Mikroskobu, Cam Kusurlari, Glimiis Nanotel.
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Chapter 1

Light-matter interaction

The nature of light and matter itself, light interaction with matter were main
questions that are worthy to study throughout the history of science. The term
light-matter interaction comprises a wide range of physical phenomena from clas-
sical physics to quantum electrodynamics or from black holes to nanophoton-
ics. The term interaction is used to imply that light and matter are different
entities that may affect one another via some intermediary[1].In this study, the
different actions of matter and light (see figure 1.1 ) are concerned as listed fol-

lowing articles.

e Transmission

Scattering

Reflection

Absorption



Incident Light

Scattering

Reflection Absorption
Transmitted light

Figure 1.1: Geometry of light-matter interaction

Having interaction with a smooth surface, the incident light bounces back by
surface land upon which is called the reflection of light. The reflecting surface
is considered as a physical boundary between different refraction indices matters
[2].In 1672, Isaac Newton’s prism experiment remind the importance of reflection
of light and caught attentions on the light-matter interaction. He did not only
explore the nature of light, also observed the presence of evanescent waves via
the famous prism experiment even though he was not able to realise at that time.
In the experiment, the incident light was tried to send through the two identical
prisms. While the lights mostly reflected from the first prism, only way to observe
the passage of the light through these two identical prisms was possible within a
few tens of nanometers. At that time, he was not able to explain the existence of
near-field but this experiment has become a model to understand the propagation
of evanescent wave. Since the non-propagating evanescent waves stays at the
interface of the first prism, the collected non-propagating evanescent waves can
be transformed to the propagating evanescent wave by placing the second prism
a few tens of nanometers vicinity of the surface. Based on Newton’s experiment,
the propagation behavior of the near-field evanescent waves can be seen in the

figure 1.2.



Incident wave
Figure 1.2: Excitation of an evanescent wave by total internal reflection

Many years later of his observation, the existence of near-field region brought
another dimension to light- matter interaction ,especially for the materials in
nano size ranges.It was formulated by Abbe that the major limitation of optical
microscopy for the resolution was due to the nature of the light. Because the
high spatial frequency components of the light can not be able to be reached by
resolution limited microscopy. Almost after half a century, Irish scientist Synge
proposed an idea to overcome the diffraction and resolution limit of optical mi-
croscopy. According to his proposal, the diffraction limit could have been broken
by bringing a subwavelength aperture into the close vicinity of the sample surface
called the near-field zone, to be able to collect the high-spatial frequency infor-
mation of the sample. Thus it would have been possible to collect evanescent
field components with the far-field detector[3]. Diffraction-limit was overcome by
near-field microscopy methods so the optical, structural, electronic, and chemical
properties of the matter at the local level was able to obtained. As it shown
in this study, the transmission of the light can carry these importance informa-
tion of matter from near-field region to far-field detector. The details of the
transmission-mode Scanning Near-field Optical Microscopy experiment can be

found in Appendix.



In the process of light scattering, electromagnetic radiations deviate from a
straight pathway. When light interacts with matter that has microscopic sur-
face irregularities, the light will diffuse instead of reflecting. This light scattering
phenomenon can provide the fingerprint information of matters as in Raman
spectroscopy measurement[4].As depending on the incident photon energy and
the conversion of its energy, scattering takes place either elastically or inelasti-
cally. An elastically scattering process which is called Rayleigh carries the same
frequency and energy as the incident photon. There is a special relationship
between scattered light intensity and the diffraction index, so the Rayleigh scat-
tering becomes inversely proportional to the fourth power of wavelength of light
(I, ~ 7). The behavior of Rayleigh scattering within the visible spectrum is il-

lustrated as comparing with the Infrared and Ultraviolet region in figure 1.3[1].
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Figure 1.3: Rayleigh’s law of scattering. Image extracted from [1]



On the other hand, the inelastically scattered photon energy is different than
the incident photon energy and known as the Raman effect. The discovery of the
Raman effect. emerged as a result of the long discussions between great scientists
for the real reason behind the blue color of the Mediterranean Sea. By 1871s,
Lord Rayleigh had analyzed the scattered sunlight and he concluded the inten-
sity of the scattered light was inversely proportional to the fourth power of the
wavelength[19]. According to Rayleigh’s observation, the color of the Mediter-
ranean Sea was not just more than the reflection of the blue sky[20]. The Indian
scientist Chandrasekhara Venkata Raman was unsatisfied with Rayleigh’s expla-
nation for the reason for the color of the sea. Raman decided to focus on the
light scattering phenomenon and further detailed his observation by the experi-
ment he performed with simple equipment he had. In March 1928, the audience
was stunned in the lecture after hearing the discovery of the Indian physicist.
He simply explained his observations as ”a new kind of radiation or light emis-
sion from atoms and molecules” [21]. The experimental setup of the Raman is

demonstrated in figure 1.4.

Sun

Raman Scattered Light

Rayleigh Scattered Light

Violet Filter Liquid Sample Green Filter Observer

Figure 1.4: Schematic demonstration of the discovery of the Raman effect



Raman took advantage of the sunlight as high intensity light source. The
white light source collected by the telescope and sent through the violet filter;
a monochromatic filter. Filtered lights were underwent scattering while pass-
ing through the liquid sample. Most of the passing lights were the same color
with incident violet light. These were later called Rayleigh scattered light. How-
ever, Raman observed that some scattered lights were in different colors than
Rayleigh’s scattered lights. Therefore, he placed another filter (green) behind
the sample and could isolate the green light. After observing the same effect on
series of liquid samples, the inelastic scattering was reported as secondary radia-
tion in Nature by Raman. The reporting of this effect took time because of the
inadequate intensity light source. A high-intensity light source was needed in the
experiment to be able to observe the weak Raman effect. At that time sunlight
was the available light source which can be converted to a highly intense light
source by using the refracting telescope[21]. However, the basic components of
the instrument were replaced by the improved instrumentation by time. Various
kind of components were tried in place for light and the detection system, until
reaching the commercial development state of art present Raman spectroscopy.
Helium, Zinc, Lead and Bismuth were the first light sources to be embedded the
system, however, their low light intensities were not high enough to proceed the
studies. By the invention of laser around 1960s, the weak lamp lights were re-
placed with the high intensity laser sources such as NdYAG, Kr* and Ar*. The
lasers became the mostly preferred radiation source today in Raman spectroscopy.
A laser beam can be demonstrated as propagation of the plane electromagnetic

wave as in figure 1.5.



A= Wavelength

Figure 1.5: Demonstration of linear polarized electromagnetic wave

The electric and the magnetic components of the polarized electromagnetic
waves travel in the z-axis perpendicular to each other[22].The electromagnetic
radiations are classified according to their wavelength (\). It is beneficial to
understand the relationship of energy (Ae) with other scales such as frequency
(v), speed of light (c), wavenumber (w) , because the interaction of electromag-
netic radiation with molecular states is examined in Raman spectroscopy. The
equations (1.1), (1.2) and (1.3) shows the relationship between the scales [23].

A= g (1.1)
Ae
v=—- (1.2)

(1.3)



According to the equations, it can be understood easily that the highest energy
radiations will have the lowest wavelength and vice versa. When electromagnetic
radiation like a single-frequency laser beam interacts with the molecules of the
matter, it causes the polarization of the cloud of electrons around the nucleus.
Thus, a short-lived state called a virtual-state is created and the different vibra-
tional unit of energy is detected by Raman. This created virtual state is not
stable and re-radiation of photons can take place quickly. When a photon absorp-
tion or excitation of an electron to the higher place takes place, the energy of a
molecule gains a number of different degrees of freedom. There are three degrees
of freedom present for the translation of the molecule in space and the other
three degrees stand for the rotational movement which is the movement way of
linear molecules. For instance, the number of the vibrational degrees of freedom
can be calculated in such a way that if the N represents the number of atoms
in a molecule, 3N-5, and 3N-6 is considered as a linear and non-linear molecule
respectively. According to this, only one vibration movement takes place in a
diatomic molecule. Although this movement can change the polarizability of the
molecule, there will be no change in dipole since the vibration takes place around
the mass center of the molecule symmetrically. Therefore, the change in polariz-
ability will give a band in the Raman spectrum while detecting the oxygen gas
but no infrared spectrum. It is now can be understood that to be able to detect
the Raman spectrum of the matter, their vibrational modes have to be Raman
active. The three atomic molecules like H5O and C' O, will have three vibrational
modes as symmetrical stretch, asymmetric strength, and bending or deformation.
These modes are demonstrated by the spring and ball model as in figure 1.6 [23]
[24].
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Figure 1.6: The spring and ball model

In the model, while spring stands for the bonds between atoms, a ball is used
to demonstrate the atoms. So, the vibrational frequency is related to the mass
of atoms and the bond strength. Therefore, the lower vibrational frequency is
obtained in the combination of heavy atoms and weak bonds. On the other hand,
the higher vibration frequency results from the combination of the strong bond
and the light atoms. In the following figure 1.7, the changes in the polarization
of the COy molecule structure are demonstrated by the electron cloud cover the
three-dimensional structure in different patterns. Once the molecule is vibrated
by external stimuli, the electron cloud around the whole molecule will change
the charge polarization. Thus, the dipole moment or the polarization of the
molecule changes. In the example of CO,, the symmetrical stretch vibration mode
causes a large amount of polarization change and as a result of this, the strong
Raman scattering and no dipole change take place. Therefore, the extended and
compressed deformation of the molecule can be observed in Raman spectroscopy,

not in Infrared spectroscopy[23].
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Figure 1.7: The symmetric stretching of the C'Oy molecule

To sum up, the scattered light is the combination of Rayleigh and Raman
Scattering. While Rayleigh scattering has the same frequency with the incident
beam (1), The Raman scattering is weaker than the incident beam ( \107° of
incident beam ) and has vy + v, frequency, which v,, is the abbreviation of the
vibrational frequency of a molecule. In Raman Spectroscopy, the vibrational
frequency is measured as a shift from the incident beam frequency. Therefore,
there are two important lines are emerged into Raman system. The one which
is vg — v, called as the Stokes line, and vy + v, is another line which is called
anti-stokes. Raman spectra are taken in the region where both Raman lines and
the excitations are observable which is the UV-region. Theoretically, The Raman
Scattering can be expressed by equations where E is the oscillating electric field
of the photon, Ej is the amplitude at a given time (t) and with the frequency of

monochromatic source (v) [22].

10



E = Ejcos 2mvgt (1.4)

When a matter is irritated by the monochromatic light source, an electrical
dipole moment (P) is created as a result of the excitation and conversion of the

molecules.

P =aF = aFEcos2myyt (1.5)

The polarizability of the molecule o can be expressed as follows:

a = agp +  cos 2my,t (1.6)

While «aq represents the polarizability of a molecule at equilibrium condition,
a' demonstrates the change in polarizability with molecular vibration. v, is
used for the vibrational frequency of a molecule. Since the different molecular
deformation has different characteristic vibrational frequency (v,,) the amplitude

of the vibrational modes qq is linked with the nuclear displacement ¢, as follows:

q = (o COS 2TVt (1.7)

When combining the equations ( 1.5 )and (1.6), this relationship is obtained.

P = [ag + o cos2mvp,t]. Egcos2mugt (1.8)

11



Equation (1.8) can be divided into three parts are the important characteristic
frequencies of the emitted photons from the oscillating dipole can be seen in this

way:

P = . Ey cos 2t + 0.5a". Eo[cos 27 (Vg + v )t + €08 27 (Vg — v )] (1.9)

The first term (1g) represents the Rayleigh scattering which has the same
frequency as the incident beam and also it does not carry any spectroscopic
information. The last two terms are Raman scattering frequencies of (vo+v,,)
and (vo-v,,) are called as anti-Stokes and Stokes. The energy diagram of these
three types of radiation is illustrated in the figure 1.8. As it can be understood
from the energy level diagram that there has to be some change in molecular
vibration frequency, otherwise no Raman scattering will be able to observe as a
result of not lead to a no change in polarizability. Depending on the wavelength
of the irradiation source, the molecular vibration or rotational modes display a
characteristic frequency shift on the Raman spectrum. The spectral collection
of these characteristic frequencies is considered as unique fingerprint information
of each molecule. Therefore, Raman shifts make it possible to both identify the

material and analyze its structure [22].

Excited State
Vo Vo + Vi
Virtual State
Vo Vo Vo Vo —Vm

3

2

o
Rayleigh Stokes Anti- Stokes Ground State

Figure 1.8: Energy level diagram for Raman scattering
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The final light-matter interaction phenomenon wherein the scope is of this
study is absorption.When a incident light beam is impinged to surface of a matter,
some portion of light is absorbed via the matter instead of reflecting back from
surface.According to the Bouguer-Lambert law, the absorbed light fraction is
related to the thickness of the matter and also the way photons interact with the

surface of the matter. This relationship can be seen in the equation 1.10 [5].

g

Figure 1.9: Absorption of light according to the Bouguer-Lambert law

I = lyexp(—a.x) (1.10)

Where [y,I,a,x represent intensity of the incident beam, intensity of the beam
passing the material, characteristic linear absorption coefficent of a material and

the path which photons move respectively.

The Rayleigh and Compton scattering are two mechanism that take place in
absorption process. The scattering of a photon after an interaction with electron
result with loosing some of enegry of the photon which is called the compton
scattering.[5]|Like in Compton scattering, photoelectric effect is also mechanism
which results with energy loss after photon matter interaction. In the photo-
electric absorption process, the energy of a photon is consumed to be ejected an
electron from the nucleus of atom. It is an important effect since the photocurrent

may occur as a result of the photoelectric effect [6].
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Photocurrent generation gains importance in photodetectors which are quite
beneficial devices used in daily life from imaging to optical communications and
storing information. In addition to other photocurrents mechanisms which are
driven by the electric-field separation of electron-hole pair, there are also mech-
anisms such as photo-thermoelectric and photo-bolometric effects which are re-
sponsible for the modulation or generation of the photoresponse in optoelectronic
devices [11]. In the scope of this study, the photo-bolometric effect will be ad-
dressed as a photocurrent generation mechanism of devices. The bolometer was in-
vented in 1878 by American astronomer Samuel Pierpont Langley[58].Bolometers
are widely used devices in the field of astronomy and particle physics because they
can transduce and the absorbed radiation into an increase in temperature where
creates variations in resistance of the materials, that can be obtained as electri-
cal signals to read the information [59]. The development of nanomaterials has
been provided a new platform for bolometers which having more flexibility, sen-
sitivity, and speed in measurements. For example, the macroscale assemblies of
semiconducting single-wall carbon nanotubes showed the bolometric effect due to
the effective transfer of the absorption of energy on crystal lattice through strong
electron-phonon interaction which results in an increase in temperature[60].In 2D
materials photodetector, the photocurrent mechanism based on the bolometric

effect can be explained as the change in resistivity of the material stems from the

o

heating via photon absorption.
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Figure 1.10: Demonstration of photo-bolometric effect photocurrent generation
mechanism
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The conductance variation of the material with temperature increase and laser
heating induced homogeneous temperature increasing significantly play roles in
the magnitude of this effect[11]. Once temperature affects the resistivity of the
material, the current fluctuation is observed at a applied fixed bias voltage. An
external bias is required to produce the photocurrent which means that currents
do not self-drive in the system because the magnitude of the current flow can
only be modified under external illumination and applied bias.Here the equation

1.11 shows the change in the voltage [61]:

dR

AV = IpcAR = Ipp—
V = IpcAR DC T

(1.11)

where Ipe is the applied DC bias voltage.

In the photo-bolometric effect, the increase in photocurrent is observed with
the applied external bias. On the other hand, the sign of the photocurrent
strongly depends on the fluctuations on increase or decrease of resistivity and
temperature in the system[61].The photo-bolometric effect has been shown on
the hot electron bolometer by using dual gated bilayer graphene [62] and also
thermalconductivity measurements performed on nanosheets based on bolomet-

ric effect[63].
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Chapter 2

Methods

2.1  Scanning Photocurrent Microscopy

One of the members of the scanning probe microscopy family is the scanning
photocurrent microscopy (SPCM). Instead of using a metal probe like in the
operation of AFM or STM, a focused light beam is used in SPCM as a local ex-
citation source.Once a semiconductor locally exited into a non-equilibrium state,
the injected electrons and holes are gone through some relaxation process which
includes recombination, drift, and thermal relaxation in the semiconductor. At
this point, the photocurrent generation is observed if the injected electron or holes
reach the electrodes nearby before recombination. The photocurrent as a function
of excitation location can be mapped and as a result of this, quite useful infor-
mation about the optoelectronic properties of semiconductors can be obtained
[7].For instance, SPCM has been used in the characterization of semiconductor
nanowires[8|, graphene[9], and layered transition metal dichalcogenides|[10][11].
Since the conventional scanning probe techniques do not fulfill the requirements
for working within the sub-wavelength region, the local characterization of the
devices is necessary to have a better understanding of the role of the struc-
tural properties of the materials on the device’s performance. Therefore, the

Scanning Near-Field Photocurrent Microscopy (NSPM) is a powerful technique
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that can provide a high spatial resolution and overcome the drawbacks of the
diffraction-limited scanning probe techniques. Besides, having the advantage of
non-destructiveness of technique, working within the near-field region makes it
possible to reach local properties of the materials like electrical transport at the
nanoscale[12].The wide range of applicability of aperture-based near-field scan-
ning photocurrent microscopy has been shown on the charge transfer and the
photocurrent generation at single and multilayer graphene interfaces with around
50nm resolution[13].Also,in estimating the dopant concentration of the Si p-n
junction under the reverse bias condition [14],understanding the relation between
photoresponse and morphology on the defects[15]and in the observation of the
local photocurrent on inhomogeneities of solar cells[16][17]. The details of the

near-field scanning photocurrent measurements can find in the Appendix section.

2.1.1 Experimental set up

The components of the SPCM setup used in the experiments can be seen in
the figure 2.1. A diffraction-limited 532nm laser beam is chopped mechanically
around 2kHZ in order to modulate the frequency of the light source, thus de-
creasing the electrical noise of the photocurrent signal. The modulated frequency
is then fed into the lock-in amplifier to use as a reference signal. The lock-in
amplifier can extract the genuine signal from the noise with high sensitivity and
also remove the contribution of the dc component signal and amplifies the sig-
nal that is resulting from the referenced laser beam. There is a photodetector
whose output is detected with a second lock-in amplifier, embedded to set up
to be able to measure the reflected light from the sample as a function of laser
position. The laser beam is focused on the surface of the sample with a 40X
objective by passing through optics like the 50:50 beam splitter and the filter.
Two probes are served to measure the photocurrent of the sample. While the
voltage bias is applied through one probe connected to a current pre-amplifier,
another one is grounded. The output of the current pre-amplifier is fed into the

lock-in amplifiers. The measured signal from the photodiode and the current are
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simultaneously recorded at each step of the scan. At this point, it is very im-
portant to do perform scanning at a slower rate than the integration time of the
lock-in amplifiers to limit the noise level. The scan motion in direction of X and
Y, the scan and step size,the experimental parameters during scanning and the
recordings of real-time observations, the data acquisition, are controlled through
the Labview program.Thus, the reflection map of the sample matches with the
photocurrent map of the sample, and the location of the photocurrent generation

on the sample can be specified easily by monitoring the scan result.[18].
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Figure 2.1: Scanning Photocurrent Microscopy Setup
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2.2 Raman Spectroscopy

2.2.1 Instrumentation

The Raman system has to be designed in such a way that while the collection of
many Raman Scattered photons are possible and the Rayleigh scattering can be
eliminated. Therefore, in addition to the main components, the Raman system
is equipped with some filters, different types of monochromators, and pinholes
to eliminate the contributions of the elastically scattered light which is useless
to the system in terms of vibrational information[25]. The main components of a

Raman system can be listed as follows [22]:

1. Excitation Source
2. Illumination and Optics collection system
3. Wavelength selector

4. Detector
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The components of the system used in this study can be seen in the figure 2.2.
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Figure 2.2: Diffraction limited Raman Spectroscopy
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1. Excitation Source

There are many light sources that can be used in Raman spectroscopy
especially, continuous-wave lasers (an abbreviation of Light Amplification
by Stimulated Emission of Radiations) from Ultraviolet (UV) to the near-
infrared (NIR) regions which are demonstrated in the figure 2.3. The in-
tensity of the Raman scattering is proportional to excitation wavelength as
the order of A= ,thus the short wavelengths are the source of higher Raman
spectral intensity, however, they can also lead to excitation of fluorescence
which is observable in the Raman bands[25]. For this reason, the choice
of Raman light source is very important. The following five characteristics
of the laser beam are the reasons behind integrating the lasers into the
Raman system. The first of all, the laser light is a monochromatic source
which means that the lights waves have same direction and phase, therefore
monochromatic laser light can to do focus to a very narrow band of frequen-
cies.Second, the laser light can be concentrated as a high intense small beam
(the diameter of the beam can be lowered up to 0.1mm by using simple lens
systems) since it is highly collimated.The third, the laser lights are ideal for
depolarization measurements since they are linearly polarized. The fourth
reason is coming from the ease of production the laser beams in different
wavelength range by using dye lasers or any other devices.The finally, it is
possible to work with different light source powers,while the large CW laser

can provide 1-2W of power easily, pulsed lasers can produce peak powers
on the order of 10 to 100MW [22].

UV range IR range

100-400nm Visible range 700nm-Imm
400-700nm

Wavelenght /nm

Figure 2.3: Optical wavelength range
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2. Hlumination and Optics collection system

The optical components of the Raman are necessary for laser alignment and
proper measurement. Due to the weakness of the Raman Scattering, the
collection of the scattered radiations has to be efficient enough to obtain a
meaningful spectrum. Hence, optics are placed in such configurations as 90
and 180 degrees to be able to accomplish the collection of the signals[22]. The
Raman provides a lateral resolution that mostly depends on the wavelength
of the light source and the numerical aperture of the objectives which is
integrated into the system. An example objective can be seen in the figure
2.4, the half-angle («) of the laser cone is defined the numerical aperture of

the objective which shows the resolving power of an objective.

Objective

) 2

iy Somple

Figure 2.4: The half-angle of the laser cone

The resolution of a classical microscope is expressed by Rayleigh criteria as
in equation (2.1) and the obtained image of the two-points object can be

seen as in the figure 2.5, according to Rayleigh resolution criteria.
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0.61)

A x (2.1)

where

NA =nsina

Figure 2.5: Rayleigh criterion

A z is the smallest distance between two -point objects, A\ is the wave-
length of the light source and NA numerical aperture of the objective; n is
the refractive index of the medium between the sample and the objective,
a stands for the aperture angle of the objective. Since the high lateral reso-
lution is required in the Raman measurements, it is preferred to work with
objectives that have a high numerical aperture, hence the objectives are
designed by considering the high refractive index mediums such as water,
oil, or glycerin.By the combination of short wavelength light source and the
high numerical aperture objective, the spatial resolution can be reached up
to 200nm[24][26].
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3. Wavelength Selector

When the laser is introduced to the system, the filters or spectrometer are
responsible for the selection of the wavelength. The special filters are de-
signed to allow the passage of the only desired laser line or remove the other
lines, which have to be integrated into the system|[25].The spectrometer is
the place where the scattered lights are collected and the elimination of the
signals is crucial to obtain the correct spectrum. In this step, one of the
major challenges of the Raman Spectroscopy arises because the weak in-
tensity Raman scattering takes place at a frequency which very close to the
frequency of the irradiation source. Therefore, the weak Raman scattering
has to be eliminated from the both laser line and the Rayleigh scattering
radiation. By cutting off the spectral range of the laser with laser-blocking
filters is the solution to this problem. For this purpose, there are special
filters called edge and notch filters that are worked to “block off” the spe-
cific wavelengths.These filters are placed on the laser path before reaching
the spectrometer. The transmittance behavior of the filters with respect to

laser line is demonstrated in the figure 2.6.
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Figure 2.6: Transmittance versus wavelenght
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The reason behind the most common usage of the notch filter is because
both anti-stokes and stokes scattering can be absorbed. Most of the scat-
tered lights within approximately 200cm ! excitation frequency is collected
by the notch filter and below or above this range gives the maximum trans-
mittance. On the other hand, the edge filters have two different types: the
shortpass andthe longpass. While the long pass filters can block off the
wavelengths below the irradiation source, the short pass filters block off all
wavelengths above therefore, the long pass filters are suitable to measure
Stokes-Raman Scattering and the short pass filters are suitable for Anti-
Stokes Raman scattering. The recent updates in technology made edge
filters more preferable than the notch filters by offering a high transmit-
tance along with the close cutting edge value to the frequency of the laser.
As a result of this improvement, it became possible to detection of the Ra-
man bands even at very short wavenumbers close to the laser line. To sum
up, when the sample is irritated with the laser, scattered lights are filtered
and the passing lights are dispersed by a diffraction grating so that the light
can be identified into the specific vibration modes ( see figure 2.7) [24][27].

Sample

Scattered light
vy v, Hvy vy tvg

hE ilter \

Raman scattered
light

Figure 2.7: Schematic illustration of the separation Raman scattered light by the
diffraction grating
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4. Detector

The detection and the amplification of weak Raman signals is a severe prob-
lem that needed to be improved in the system. With the development of
laser sources, the detection techniques of Raman signals have been shifted
from time-consuming photographic detection to photoelectric devices such
as photomultipliers (PMT), photodiodes (PD) or charge coupled devices
(CCD). The collecting Raman signals from PMT can be processed either
direct-current amplification or a photon-counting method. The main disad-
vantage while working with PMT is being time-consuming when long scan-
ning required in spectroscopy since PMT process the photons over a broad
range of wavelength simultaneously. Hence, Raman is usually equipped
with charge-coupled devices (CCD) because a complete spectrum can be
obtained in a shorter data acquisition time with higher sensitivity. The
multichannel photon detectors like CCD are made of small photosensitive
arrays where optical images can be converted into a charge pattern so it is
read as a spectrum.The series of pixels arranged in both rows and columns

as in the figure 2.8.
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Figure 2.8: Operation mechanism of the charge coupled devices (CCD)
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The size and the separation between of the pixels are defined the resolution
of CCD. The arrangement of each pixel in electrodes is aligned in a way that
the photons with different wavelengths can be transferred to the downwards
shift direction. While photons flow through the array register direction and
at the end of the readout register where the value of each charge is converted
into a voltage, each pixel out of the CCD can be measured. Compared to
other multichannel detectors, the readout noise during the charge-transfer
process is relatively low in the CCD. Therefore, working in high quantum
efficiency and sensitivity in a wide wavelength range can be performed easily.
Since the Raman signals are quite weak, to be able to reduce dark current,

CCDs are preferred to use with nitrogen cooling at around 130°C' [22][25].

Clearly understood from the functions of the aforementioned components, each
individual component has a significant role in spectral resolution. The spatial
resolution of the diffraction-limited Raman system is mostly dependent on the
wavelength of the light source. However, in the case of spectral resolution; the de-
tector, the pinhole or the slit, the diffraction grating, and the distance between the
detector and the grating can be quoted as responsible factors for resolution. As
mentioned earlier, the total wavelength range of the spectrometer can be deter-
mined by the diffraction grating. The higher dispersion and the better separation
of the wavelength are obtained with the grating which has more lines (grooves)
per mm (1/mm).For instance, 1200 1/mm is the commonly used grating which
provides a wide spectral range with a satisfactory resolution. While 1800 1/mm
grating can be used for high resolution, a 600 1/mm grating can be used for an
average resolution which is around lem™!. The smaller pixel of the CCD gives
the higher spectral resolution, for this reason, the function of the detector is very
critical in the determination of the size and the number of collected points. In
addition to this, narrow slits can provide optimum resolution when enough light
reached the detector.[25].The pinhole size is very important in confocal imaging

which requires both higher signal and depth resolution.
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Typical pinhole size is in the range of 10 to 100 pm, therefore the lateral
position of the pinhole must be aligned with micrometer precision. Since the
multi-mode fibers act as a pinhole in the confocal system, by changing the core
diameter of the fiber, the size of the pinhole can be easily changed to obtain better
resolution in both lateral and depth [26]. For example, when working with a 100X
objective; having 0.9 numerical aperture and at 532nm, the maximum pinhole
size should be 50pm and 10 pm for both maximum depth and lateral resolution
respectively. Because only 1 in 107% of the scattered photons belong to weak
Raman scattering for image generation. While working with Raman microscopy,
to fulfill the experimental expectations one always has to find a compromise
between the collection efficiency and the highest resolution. From the figure 2.9

the effect of the pinhole size on the collection efficiency can be seen[26].

100

intensity on the detector [%]

Figure 2.9: The intensity on the detector as a function of pinhole size normalized
to the total power of an image plan.Image extracted from [17]
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To sum up, the conventional Raman spectroscopy can give useful information
about the chemistry and structure of the materials, but in the case of the im-
plementation of this technique on the nanoscale, the measurements suffer from
spatial resolution. According to the wave theory of Abbe, the classical optical
microscopy is limited in resolution and this well-defined limit cannot be gone
beyond that by conventional microscope lenses. As shown in equation (2.1),
the resolution more than 250 nm cannot be obtained with the conventional oil-
immersion light microscope in the visible range because of the diffraction limit of
the light. However, the far-field ranges are quite large for the applications of nano
and biotechnology. With the increasing demand for imaging the materials in the
nano range, the performance of Raman spectroscopy needed to be improved to
obtain the measurements with maximum molecular sensitivity and spatial reso-
lution. When the conventional non-destructive Raman system is turned to the
near-field Raman concept, the structural, chemical, and optical information of
the materials can be combined with topographic information scanned in sub-
diffraction like 10nm-length scales.The only way to build a high-resolution image
is possible by keeping an aperture probe close to the sample surface during scan-
ning so the scattered lights can be collected point by point and contribute to
image production. The main difference between near-field and far-field Raman
comes from the polarization components. While the near-field range has all three
polarization components in the direction of x,y, and z, the only transverse direc-
tion is available in the far-field. Thus, without changing the position of the sample
or the polarization of the source, the different polarized Raman modes emerge
into the near-field region[28]. This advantage of the near-field Raman imaging
can be understood from the effect of chemical treatment on the exciton emission
of 1L — M oS5 which obtained with 80nm spatial resolution[29].Also, it has been
demonstrated that near-field imaging and spectroscopy can directly visualize the
structural features and the emission profile of excitons of the 1L — WSy with
around 70nm spatial resolution[30].The details of the Near-field Raman Spec-

troscopy measurements can find in the Appendix section.
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Chapter 3

Results and Discussion

3.1 Scanning Photocurrent Microscopy to
understand the photocurrent generation

mechanism of Silver Nanowire

3.1.1 Silver Nanowire

Compared to the bulk counterparts, the outstanding properties of the one-
dimensional (1D) metallic nanostructures have been taking attention for the last
decades. The optoelectronic properties of metallic nanowires strongly depend on
the size of nanowires. As having at least sizes between 1 and 100 nm in dimen-
sion, demonstrate interesting optical, electrical, magnetic, and thermal properties
due to the confinement effect. When the size of the nanowire gets close to its
electron mean free path, the resistivity of the nanowire increases due to the sur-
face scattering of electrons. Although smaller diameter nanowires are less stable
environmentally, they are advantages in terms of optical transmittance in opto-

electronic applications. In an opposite way, when the diameter of the nanowire
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increases, scattered photons amount from the surface increase and result in de-
creasing transmittance in the thin film. However, in terms of having fewer junc-
tion points in the unit area, longer nanowires are beneficial to improve the optical
transmittance.[31][32]. Among other metallic nanowires, the silver nanowire is
the most preferred nanostructure due to its physical properties [33].Along with
having the characteristics of one-dimensional materials, the silver nanowires hold
high electrical (6.39 S/m) and thermal conductivity( 429 W/(m-K)) properties
as inherit from the silver. Hence, they are highly preferred in the applications of

solar cells, touch screens, flexible sensors, and electromagnetic shielding [34][35].

Figure 3.1: Application areas of Silver Nanowires.Image extracted from [20]

Not only the single nanowire itself, but also the network of silver nanowires
catch attention due to their such properties as high flexibility, optical trans-
parency, bending, and stretchability performance[34]. The unique properties of
silver nanowire networks stem from the creation of conductive pathways inside
the random network. As based on the 2D percolation model, the conductive
pathways are created by linkage of the individual nanowires, hence increase by
increasing nanowire network density. Since the linkage of nanowires opens a path
that can electrons flow, the conductivity also increases by an increase in network
density[36] ( see Figure 3.2 ).
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Figure 3.2: Conductivity versus percentage of NW projection area to the sample
area

As it can be seen in figure 3.2, in the percolation threshold the nanowires
tend to coalesce and form intersections in the network. The network density and
also the carried current flow change after passing this threshold, therefore the
low sheet resistance is obtained, however, this effect decreases the transmittance.
On the other hand, the length of the nanowire has an impact on the shift of
the percolation threshold. Therefore, higher conductivity can be obtained with
longer nanowires at a lower percentage of nanowire projection area to the sample
area[31].
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The synthesis of AgNWs is an inexpensive method.The most popular and com-
monly used synthesis method is the polyvinylpyrrolidone (PVP)- assisted polyol
process. In this method, the reduction of silver nitrate (AgNO; ) with ethy-
lene glycol (EG) takes place in presence of PVP. It is believed that the use of
PVP and the introduction of the seeding agents are the keys to the formation
of uniform silver nanowires. Therefore, sodium chloride (NaCl) is added to the
solution to prevent the agglomeration of the Ag™ when in the initial stage of
Ag seed formation. While dissolving the AgCl solution in the late stages of
the process, releasing of Ag+ ions into the solution take place. At this stage,
the morphology of the silver nanowires can be controlled by the additive of
PVP [37].For example, the addition of low concentration PVP to AgNOj; so-
lution decrease the PVP encapsulation on nanowire and it leads silver nanowires
grow longer. On the other hand, high-concentration PVP amount in the solu-
tion may result with the isotropic growing which leads to synthesis of shorter
nanowires[38]. However, the encapsulation of the nanowires with the insulat-
ing surfactant, PVP, layer increases the contact resistance between nanowires
and causes instability in electrical conduction and degradation in the overall de-
vice performance[34][39][40]. Such treatments as thermal annealing [41][42], plas-
monic welding[43], bending[44],mechanical pressing[45], solvent washing [46][47],
electron-beam irridation[48] and plasma treatments[49][50] are applied on the Sil-
ver nanowire networks to decrease the contact resistance. The preference of the

treatments mostly depends on the properties of the nanowires and the application
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Figure 3.3: PVP effect on nanowire resistance.Image extracted from [35]

34



The deposition of the nanowires is the first important step in device fabrica-
tion. Vacuum filtration, rod deposition, spray coating, or drop-casting are just
some of the easy deposition methods[40]. According to the application area, the
deposition of nanowires is performed on different substrates such as polyethylene
terephthalate (PET)[51][52], glass [46][53], Si05[54][55], and sapphire [56].

3.1.2 Device Fabrication

In this study, the single silver nanowire and the network of silver nanowires were
prepared by using the drop cast deposition method. Although there are some
advanced methods to prepare the nanowire networks like using the grating litho-
graphic patterning method[57], as it is presented in this work, the successive
drop-casting by using a diluted solution is also enough to obtain a well connected
nanowire network. The accumulations of nanowires and polymer residues on the
substrate can be seen in figure 3.4.To be able to obtain a separated and also well-
connected nanowire network, the density of the nanowire solution is very critical

in the drop cast deposition method.

Figure 3.4: (a) Accumulated nanowires; (b) Polymer residues on substrate
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For this reason, the purchased silver nanowire suspension (Sigma-Aldrich with
the average diameter and the length of nanowires are 120-150 nm x 20-50 pm
respectively) was diluted by mixing 20ml isopropyl and two drops of nanowire
suspension. Also the crystal structure and the presence of PVP can be seen in

the following XRD and Raman results respectively.
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Figure 3.5: (a)XRD pattern of Silver nanowires confirms that the FCC crystal
structure (b) Raman spectra of the silver nanowires covered by PVP

36



The dilution process of the nanowire suspension is a very important step in the
device fabrication process to be able to obtain both a separated single nanowire
and also the connected nanowire networks. The next step is the deposition of
the nanowires. The drop-casting of the diluted solution was performed by using
a Pasteur pipette onto the clean two-side polished sapphire substrate. As it can
be understood from the experimental demonstration in the figure 3.6, placing the
indium contact was done right after the air drying of the drop-casted suspen-
sion.The soft metal indium was melted around 170 °© C on the hot stage and with
help of a nanomanipulator, the sharp indium needle was formed by dragging from
the bulk melted indium source. The formed sharp indium needles were placed on

both sides of the Silver nanowire to work as a contact in electrical measurements.
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Figure 3.6: Device fabrication with indium contact
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3.1.3 Photocurrent Mechanism

The photocurrent mechanism in silver nanowires is considered based on two con-
tributions: the photo-bolometric effect as discussed in chapter 1 and the role of

the surface plasmon polaritons on photocurrent generation.

e The Role of Surface Plasmon Polaritons

The outstanding optical properties of metallic nanowires are attributed to
the plasmonic effects. This is also the reason why plasmonic technology aims to
control the surface plasmons of the materials. The electrons polarize and oscillate
when the metal surface irridates by an electromagnetic radiation. The interaction
between electromagnetic radiation and the free electrons creates plasmonic effects.
Such metal nanostructures as Ag, Cu and Au exhibit surface plasmon resonance
light absorption in the visible spectrum[64]. Especially AgNW networks serve as
a high performance plasmonic nanostructures for optoelectronic devices due to
the enhancement of light-trapping and light-scattering effects|[65]. Howevever, it
is necessary to add an extra momentum on photons to be able to launch the SPPs
in metallic nanowires. For this purpose, different coupling strategies such as by
electron exitation [66], evanescent coupling [67], local scattering[68],fluorescence
coupling [69], using an optical antenna[70],and waveguide excitation[71][72] are
developed to launch SPPs in nanowires. As it is depicted in the figure 3.7, once the
surface plasmons are coupled to the photons, the created electromagnetic waves
propagate along with the interface which is called surface plasmon-polaritons
(SPPs). The electromagnetic field is confinded the near-vicinity of the interface

and decays exponnantially as perpendicular to interface [73].
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Figure 3.7: The electric and magnetic fields distrubutes around the propagating
SPPc in the interface of metal and dielectric.

3.1.4 Results

Once the laser light focuses on the sample, the voltage bias is applied through the
indium contacts according to the capacity of the type of the device. While the
single nanowire can bear maximum of 10mV bias ranges, the network devices can
bear values in a hundred millivolts ranges or more bias value due to the forming
of the conductive pathway in the network structure. As depicted in figure 3.8,
laser light starts to scan over the network region between the indium contacts

with a specific step size to collect the photocurrent contribution of each data.

Laser

Nanowire Junctions

Figure 3.8: Focused laser light scans over the network sample
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Meanwhile, the current flows through the source and drain contacts. At that
moment, the focused laser light also excites and launches the surface plasmons
polaritons by supplying an additional momentum, thus SPPs start propagation
through the junction points. The electric field intensity intensifies at the junc-
tion points by accumulations of propagating SPPs. While SPPs energy mostly
absorbed by the nanowire causing a rise in temperature and change in resis-
tance. Therefore, the photocurrent generation based on the bolometric effect

that emerges with the existence of SPPs propagation is observed.
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The current-voltage behavior of each prepared sample was checked before per-

forming photocurrent measurements. The following figures demonstrate the re-

sistance of the devices and the photocurrent maps under different bias conditions.
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Figure 3.9: Optical microscope image of the network sample 1 and its -V curve
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Figure 3.10: Reflection and Photocurrent Maps of the network sample 1 under

zero bias at 126puW laser power, 20mV and negative 20mV bias at 108uW laser
power
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The network samples consist of the connection of several individual nanowires,
however, each nanowire can not contribute to the photocurrent generation be-
cause of the possibility of having a weak network connection or nanowire surface
inhomogeneity. Here is an SEM image that clearly shows the contribution of

individual nanowires on a photocurrent map.

Figure 3.11: The contributions of individual nanowires on network photocurrent
map

As it can be seen in the next results, along with dense networks, single
nanowires and less dense networks were used to fabricate devices on sapphire

substrates.
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Figure 3.12: Optical microscope image of the network sample 2 and its I-V curve
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Figure 3.13: Reflection and Photocurrent Maps of the network sample 2 under

zero bias at 131uW laser power, 100mV and negative 100mV bias at 109uW laser
power

The applied bias and the laser power were kept minimum during the photocur-

rent measurement of the single wire device since excessive values may result in

device explosion.
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Figure 3.14: Optical microscope image of the single nanowire and its [I-V curve
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Figure 3.15: Reflection and Photocurrent Maps of the single nanowire under zero
bias at 140uW laser power and negative 5mV bias at 52uW laser power

Network sample 3 was prepared on a soda-lime silicate glass substrate to be

able to see the effect on photocurrent generation.
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Figure 3.16: Reflection and Photocurrent Maps of the network sample 3 under

zero at 138uW laser power, 50mV and negative 50mV bias voltage at 108uW
laser power
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In the scope of these results, the proposed photocurrent generation mechanism
can be concluded under the following considerations. First of all, the sign of
the generated photocurrent reflects effects of homogenous heating with change
in resistivity of device. In addition, the signal generations are observed over the
indium contacts which is an indicator of the contribution of SPPs on photocurrent
generation.On the other hand, some signal variation can be attributed to laser
heating-induced local oxidation of nanowires. When there is nanowire diameter
shrink below 100nm, high-surface to volume ratio makes nanowires vulnerable to
surface corrosion [36].Therefore the network conductivity and signal generation
fails. Finally,it should be noted down the intensify signal generation comes from
the junctions point in the network device.The density of the network is a very
effective parameter on the amount of resistance the device shows and also the
possibility of survival of the device under applied different voltage bias and laser

power are strongly related to this.
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3.2 Raman Spectroscopy for the analyzing the
glass defects

3.2.1 Structure of Glass

The usage of glass is dated back to around 3500 BCE in Mesopotamia, however,
the development of glass technology on large scale for different types of glasses
were started mostly in the 14th century. Because of the broad range of glass
types, these materials were able to catch attention for usage in different applica-
tions. Therefore, they could be categorized and had a place in different groups as
ionic melts, metallic alloys, aqueous solutions, polymers, and molecular liquids.
Glasses are inorganic materials and have an amorphous structure that does not
have periodicity in the crystal structure. Even some other materials like organic
polymers have an amorphous structure, but they can not be included in the family
of glass [74]. To understand the glass formation based on structural properties,
Goldschmidt’s theory (1926) is the earliest study in the field. According to the-
ory, the radius value in oxide glass plays a critical role in building the structure
of glasses. According to the theory, the value which can be obtained by dividing
the radii of the anion (rc) to the radii of the cation (ro) is between 0.2 to 0.4
for all glass-forming oxides. Si0, and GeQO, glasses can be examples to support
Goldschmidt’s theory, however, the overall theory is weak in terms of explaining
the bond types and relations with oxides. To extend the understanding of glass
structural formation, Zachariasen studied further on Goldschmidt’s’ theory and
formulated the glass formation rules which are named with his name. He put
forward the idea of the small radius ratio in Goldschmidt’s theory represents the
low coordination number. Those which have an open structure should be the
source of creation of a disordered structure in glasses since there is no require-
ment of sharing neither edges nor faces by the polyhedra coordination. If it is
not the case, then crystallization, an ordered structure is created. In addition
to these, Zachariasen declared that both the glassy and crystalline forms of the
glass oxides could not have many big differences in their energies because in both

states the mechanical properties show similarity.
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Only the higher energy of the glass could lead crystallization to take place in
the structure[75]. Therefore, Zachariasen formulated his thoughts on four rules of
oxide glass formation as a theory. The first rule says that the cation coordination
numbers must be small. Secondly, it says that there is no linkage with more
than two cations for an oxygen ion. It is explaining in the third rule that not
edged or faces, only corners are places to share for oxygen polyhedra. The final
one concludes that to create a 3D network, the number of corners in an oxygen
polyhedron shared by another polyhedron must be at least three. The four rules
aforementioned are valid for the ROy, RyO3, RoO5 types of oxides. For example
As903, P05, GeOy and Si05. These examples are given for the glass which is
made of one oxide system, However, glasses are not only made of one oxide. They
can also consist of binary systems and several components. RoO — Si0y can be

an example for the binary-system, R is a representative alkali[76].

When the crystallization states deteriorate with the variation of the R-O-R
bond angles, a random network of oxygen polyhedra forms. From the similar
structural point of view, highly ionic compounds such as MgO, T'iOs and Aly,O3
are not considered as good glass formers since the edges and the faces of oxygen
polyhedra are forced by long-range colombic interaction. According to Zachari-
asen rules, tetrahedral Si0O, and triangular B,O3 are well-suited glass formers
since they have both covalent bonding, and easily build the corner shared net-

works. In figure 3.17 demonstrates the crystalline and the glassy structure of

R,04[75]
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Figure 3.17: (a)Crystalline structure (b)Glassy structure of RyO3

Glass network formers are such as Si0,,P,O5,and B>O5 are like backbone of
the glass structure, held a significant role in glass formation. According to the
Pauli Scale, the best network formers in the glass structure have electro-negativity
values in the range of 1.70 to 2.1. Another important role is attributed to alkali
oxides called as network modifiers in the glass formation. These materials can
modify the properties of the glass since they can be activated thermally. This
activation results in the movement of alkali metal ions in the glass structure. By
this movement, alkali metal ions exchange their place with the other ions near
to glass surface.AlyO3, PbO, CaO, SrO, Cry0s, LisO,K50,NayO, BaO, CuO,

MgO and BiyO3 can be given as examples of network modifiers.[77].
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The behavior of network modifiers can be understood in the following example.
The figure 3.18 demonstrates the 3D tetrahedral network of SiO4. The oxygens
in the tetrahedra are shared by neutral SiO, units as [Si04/2]°. The superscript

zero in the abbreviation of unit implies the charge.[75]

\/
/\

Figure 3.18: Tetrahedral network of SiO,

There are dashed lines across the oxygen symbol in the network, this means
that oxygens are shared between tetrahedra. So, Si-O-Si linkages occur in the
glass. In case of adding an alkali ionic oxide network modifier like NasO(2Na™ +
0), to Si0,, following reaction which is shown in the figure 3.19 takes places

between them;

A
0/ \o_
_ | _

—0—Si—0 O —Si—0—

/ AN

0——

Figure 3.19: The reaction step after adding NasO to glass batch
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This reaction can be shortly written as;

2[5204/2]0 + NGQOQ[SiOg/QO]i + 2N&+ (31)

The effect of the Nas,O network modifier on the system can be see clearly in
this reaction. NayO breaks the bridging oxygen between Si-O-Si in the structure
therefore eliminates the Si-O-Si linkages and then form a new linkage between Si
and non-bridging oxygen as in the form of Si-O[75]. Glass network modifiers can
be categorized into three different groups; Flux agent, Stabilizers, and Colouring
ions. The first group consists of alkali metal ions such as Na and K, they play
role in lowering the melting temperature of the glass batch. Like Ca and Mg,
alkaline earth metals are part of the stabilizer type modifiers and they can be
used to stabilize the glass composition. The last group is responsible for the
physical appearance of glass. By adding the metal oxides and such metals like
Fe, Mn and, Cu into the glass batch, the Si-O bridges and also the connection
between glass networks are distorted which resulted in the changing in chemical
and physical property change in the glass [78]. In general speaking, to define
the crystal structure of materials, there are some key features of materials that
need to consider such as the lattice types, unit cells, position of atoms, and the
special symmetry they have in the structure. In the case of amorphous glass, it
is not possible to talk about the presence of translational symmetry and lattice
structure. For these reasons, glass structures are required to analyze by different
approaches. The most used approach to define the structure of glass is considering
the degree of orders. This term can be divided into three categories: Long-range
order, intermediate order, and short order. In the short-range order, the radial
distance between the structural blocks is around 2Angstrom (A). On the other
hand, intermediate-range order and long-range order have the radial distance
less than 20 A (10 -20 A) and more than 20 A respectively.[79]. The following
the figure 3.20 demonstrates the physical parameters to define both short and

intermediate-range order glass structure.
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Figure 3.20: The parameters to define the short-intermediate or long-range order
of the glass; d:the bond lenght,¢ :the tetrahedral bond-angle,a:the bridging oxy-
gen bond-angle,d; and d9: the bond-torsion angles

In addition to structural order classification, another important approach to
defining the glass is linked to the thermodynamic properties of glasses. The
following figure 3.21 summarizes the thermodynamic equilibrium condition of a

glass structure.
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Figure 3.21: The plot of the temperature dependence versus volume

Once an ordinary liquid or melt cooling down, there is a decrease observed
in its volume because crystallization takes place at the melting point of the lig-
uid. When the temperature is keep decreased, a further decrease is observed in
the volume since the expansion coefficient of the crystal is lower than the liquid.
However, in case of no crystallization at Tm, the volume keeps decreasing along
the area which is called supercooled melt or liquid. As a result of this condition,
a metastable- thermodynamic equilibrium region exist. As it can be seen from
the figure, the curve which represents the metastable equilibrium follows a similar
parallel behavior with the crystal curve. The reason behind following a parallel
path by showing deviation is related to increase in viscosity of the liquid during
cooling. Reaching the equilibrium of the liquid takes place very slowly in mean-
while the viscosity becomes so high that continuous cooling can not be enough
to reach the equilibrium anymore. The best way to describe this continues tem-
perature change which is the indicator of viscosity, it to call as glass transition
temperature, Tg. Therefore, it can be concluded while below Tg value glass is

considered as a solid material, above Tg it is a melt [76]
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3.2.2 Glass Bubble Defects Formation Mechanisms

The glass production process consists of different steps which each of which takes
place at a different location in the production line. During the process, both
raw materials and also shaped glass may encounter adverse conditions and this
can end up with defect creation in the glass structure. These defects have to
be eliminated from the structure since they can reduce the mechanical strength
of glass by creating stress on the body, damage the optical homogeneity and
misfunction during usage. Not just because of deterioration in physical properties,
also from economic aspects, defects are undesired since they reduce the efficiency
in the production process and lead to a loss in revenue. In the figure 3.22 shows
the inside structure of a production unit; numbering points out the locations

which may be the possible sources of defects[80].
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Figure 3.22: The schematic illustration of a production unit.Image extracted from
[40]
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The first step in the production line starts with the preparation of raw mate-
rials. The sand is as a glass network former, and recycled glass cullets are firstly
preferred raw materials in terms of efficiency in the process. Also, the network
modifiers and fining agents are added to the glass batch to improve the process
by increasing the melting rate and remove the gas bubbles during melting, re-
spectively. The glass recipe is prepared according to the desired type of glass.
For example, in the production of borosilicate glasses, borax and boric acid are
used as raw materials.[81] The grain size, degree of purity, water amount, the
potential pollution level to the environment, the behavior in the melting stage,
and by considering the total cost of the raw materials in the process are chosen
carefully. However, these precautions generally cannot eliminate defects from the
product completely [80]. In this stage, the reaction between raw materials and
the batch refractory materials such as AZS (AlyO3-Zr0,-SiO, fused-cast refrac-
tory) or chromium oxide blocks may lead the creation of defects[81]. In second
step, raw materials are faced with three environment conditions: refractory ef-
fects, glassy state and atmosphere. Here is the step which Knot types of defects
are often formed[80]. Knots are known as transparent stones since they have an
opaque appearance. They can form in different sizes on the wall of bottles. The
third possible defect source location is the surface of the melting tank. Before
reaching the melting stage, the fining agent is added to the glass batch to remove
the bubbles but in the early stage of the melting process, bubbles are desired
because they play role in the homogenization of the batch. However, they are
needed to be eliminated before the refining stage which is one important step
prior to shaping the glass, to prevent further interaction between bubbles and
the rest of the glass composition.[81]. In the bubble type defect, the final glass
product has circular or hollow spaces which keep the different type of gas amount
inside. Oxygen, argon, carbon monoxide, carbon dioxide, hydrogen, sulfur diox-
ide, chlorine, fluorine, nitrogen or combinations of different gases can be given as
examples of gasses inside the bubble defect[82]. In third stage of production unit
and the rest following units are creating some more conditions to create bubble

defects.
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The formation of bubble defects can stem from these conditions; decompo-
sition of the batch materials, reaching the supersaturation of the melt, both
electrochemical and chemical reactions, refractory contaminant materials, and
mechanical stirring of the batch[83].In the step four and five is under attack of
ion exchange which lead the corrosion and abrasion effect by glass flow. Also, at
step six, the accumulation of both combustion gas and the volatilization of some
batch component may create defects. When volatile components reach to step
seven, interaction of gases with refractory materials may result as the localized
corrosion at pores of refractory furnace. Step eight and nine create a perfect en-
vironment for the creation of bubble defects by using metal electrode heating and
the exchanging the gases between glass and the atmosphere, respectively [80].In
case of metal electrode heating, bubble formation can be seen on thermocouples
or metal electrodes. While one metal part of electrode is in contact with glass
melt, the second electrode is generally created by a refractory. At high tempera-
ture glass melt act as an electrolyte, in case of short circuit connection between
both electrodes, an example galvanic cell mechanism are created, and following

reaction takes place on the anode [83]:

2077 —de” <> Oy(g,1) (3.2)

The last step in the production unit include metallic inclusion and stones types
of defects. Stone defects are like large crystalline inclusions. They can be form by
crystallization reaction between refractory materials or undissolved raw materials.
Metallic droplets originate from the melting unit or as a result of different chemi-
cal reaction, for example the reduction process in the glass melt tank. Therefore,
when electrode materials are affected both chemical or physically, metallic inclu-
sions releases into the glass as defect[82]. Finally, formed glass moves towards the
analysis part in the production line to identify the possible source of defects in the
product. The following seven effects are needed to be considered to investigate
both the gas amount and type inside the bubble and also to understand exactly

at which location bubbles are started to emerge [84].
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1. Incomplete fining processs

The fining or refining process involves two important mechanism in the
removel of gases inside the molten glass. The first mechanism is buoyant
effect. The second mechanism is the dissolution of bubbles. In this step, the
furnace temperature, glass viscosity, exposure time and kinetics of environ-
ment affect the efficiency of the fining process. When raw materials enter
the furnace melting tank, the temperature is generally high enough and the
viscosity of the glass is low to allow buoyancy forces to remove the bubbles
which sizes are greater than 1mm. However, when raw materials are ex-
posed to inadequate temperature flow, the viscosity of the glass becomes too
high, this situation results in the rise of the bubbles which sizes are smaller
than 1 mm, called seeds. The second mechanism plays a role the remove
the seeds from the molten glass. As the molten glass cools down, gases
start to dissolve in the glass since the gas solubility increases. Here, time
is a very critical factor. Incomplete fining process time may destroy these
mechanisms to work. The molten glass needs more time to dissolve the
gases until shifting to the forming unit. NaySOy, CaS04.2H,0,BaS0Oy,
Asy03, NaCl, CaFy and, SbyO3 are some important fining agents which
raw materials batch has to be added to glass batch to let bubble removing
mechanism works[85].For example, in the case of adding SbyO3 into the
glass batch, the absorption of bubble takes place in following reversible re-
action since the temperature has both supportive and suppressive effect on
the bubble formation|[86].

SV (1) 4+ O* (1) < Sb*F (1) + 1/204(1, g) (3.3)
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2. Contaminant

The cullets are added to the glass batch to decrease the energy consumption
in the process, however, the addition of cullets may lead to an increase in
bubbling since their melting contributes to the creation of a viscous melt
which may react with the raw material batch. For example, the C'O, bubble
in the glass could be a result of the addition of carbide cullets to the batch
[86].

3. Entrapment of air

The glass batch is mechanically stirred by applying pressure, as a result,
excessive movements inside the batch mixture may lead to the creation of

trapped air in the glass[85].

4. Reboil Effects

The bubble creation can easily take place in the inhomogeneity of the glass
batch since the gas supersaturation is triggered by some external stimuli
in the melt. These different stimuli are defined as reboil in glass technol-
ogy. Reboil effects can be classified as compositional (i.e. the basicity of
the glass melt), chemical (i.e. fining agent reaction with the atmosphere),
thermal (i.e. temperature flow inside the furnace), mechanical (i.e. stirring
or agitation), electrochemical (i.e. oxygen-producing reactions) or radiative

(i.e. intensive radiation change )[86].

5. Refractory Contamination
When the molten glass comes in the contact with the refractory materials
inside the furnace walls, refractory corrosion takes place. As a result of this,
the basicity of the melt decreases and C'Oy or HyO release[86].

6. FElectrolysis Effect
The short-circuit contact or weak grounding issues and inappropriate elec-
trode usage with refractories may result in oxygen bubbles generation, es-

pecially between ZrQOy/AlsO5 refractories and glass melt[86].
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7. Deuvitrification

The temperature instability between the furnace bottom and flowing around
results in bubble formation, especially in the transition from colorful to clear

glass is seen[86].

3.2.3 Identifying the impurities/gas compounds inside the
bubble defects with Raman Spectroscopy

The glass production process is mainly responsible for the various types of creating
on glass defects since each location at the production unit has different environ-
mental effects on raw glass materials. However, some defects may be generated
because of the finishing processes, for example inappropriate cooling cycle on the
molten glass can result in having different phases in the structure which leads to
the failure of the final product after some time or such hot-forming processes as
drawing, floating, and pressing can create some defects near to the surface of the
final product [80]. Defects are needed to be investigated by appropriate tools.
While some of them can be visible to naked eyes, some defects are not possible
to identify without microscopic analysis. Therefore, several methods are avail-
able for scientists to use in the analyses of bubble defects in the glass structure.
The common methods [84] used in analyzing the gases inside the bubble and the
reason why Raman Spectroscopy is chosen in this work can be understood as

follows:

e Light Microscopy- The morphology of the bubble; size or shape can be
observed by using different magnification objective lenses but detailed in-
formation about the gas components inside the bubbles can not be obtained

through this tool.
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o Chemical Solubility -It’s an inexpensive method for detection of the closed
bubbles near to bottom or top surfaces of glass. Bubble-contained glasses
are submerged into such solution as glycerin, the diphenylcarbazide solu-
tion, the acidified barium chloride solution,and 10 percent of lead acetate
solution to observe SO, C'O,, HyS dissolution, detect the colorimetric agent,
the sulfates, and the sulfide amount respectively. Although the test can be
performed quickly and examined the glass on-site, the accuracy, which is
the main drawback of the method, is sometimes less than expected in the
test

e (Gas chromatography -The main reason to be preferred this method is be-
cause of having both fast analyses and fast operation along with the easy
maintenance procedure [84]. The components of this tool can be demon-
strated as in the figure 3.23. The composition of the gas compounds inside

the bubble is analyzed in a destructive way.
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Figure 3.23: Components of gas chromatography
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First, the glass is needed to be broken into pieces via crusher under the
vacuum chamber and released gases are needed to flow in the presence
of the high purity helium gas carrier environment to the analyses. The
released gases from the bubble is separated through the gas separation
column and collected with the molecular filter. The gases are separated
due to their different retention times. After filtering and separation of the
released gases, the gas flows to through to helium ionization detector (HID)
which is the best option while analyzing the smallest gas amounts. In this
method, mass-specific detection is not possible [80]. The absorbed gases
on the chamber wall create a contamination problem in each measurement.
Another drawback stems from the separation and detection of the argon
gas which is one of the main sources of bubble formation inside the molten
glass, can not be performed. Also, the measurement method suffers from
the lack of sensitivity to SO, gas which is another important bubble source
in the glass batch. [84].

Mass Spectrometry-This instrument is quite useful for the analysis of the
gas compositions inside the bubble since it has enough sensitivity, both reso-
lutions, and scanning ability, also it is capable of microprocessor-controlled
data acquisition and mass programming[80].Mass Spectrometers systems
can be divided into two as static and dynamic. They have some opera-
tion differences such as gas-handling manifold can be controlled from the
pumps in static system[84]. Compared to the gas chromatography method,
the separation of argon and oxygen is not a problem, however mass spec-
trometry face some difficulties in differentiating between nitrogen and car-
bon monoxide[80] In similar to gas chromatography, the wall surface of the
chamber absorbs the bases which is a contamination source. Also, the leak-
age of the gases from the chamber wall and the possibility of the chemical
reaction that occurs between the electron source materials can be counted

as the drawbacks of the instrument[80].
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e SEM/ EDX Analysis -The morphological observation of organic and inor-
ganic materials can be performed by Scanning Electron Microscopy analysis
method. While the electron beam raster the surface of the material, this in-
teraction results in the production of special signals such as secondary elec-
trons, Auger electron, back-scattered electrons, X-ray, and different energy
photons. SEM can be coupled with an Energy-dispersive X-ray detector
(EDX), in which compositional information can be collected from the spec-
imen. However, in the case of analyzing the gases inside the bubble, EDX
analysis can be used only for the detection of the deposits in the bubbles

such as selenium and sulfur[87].

e [on microprobe mass spectrometry-The biggest advantage of this instrument
to have the ability to analyze the small bubbles with high sensitivity by
removing the absorbed gases layers while measuring. Also, it can detect
the compositional variations of the glass near the bubbles, however, this

instrument is quite expensive[84].

e Raman spectroscopy-In contrast to destructive common methods to ana-
lyze the gases, this instrument performs the analysis in a nondestructive
way and also the bubble size is not limited to 100pm and above, it is useful
to analyses small bubbles as well[80].0On the other hand sample prepara-
tion for analysis is not more than just polishing the glass surface which
will be illuminated by laser light. Since this method do not damage the
glass, analyses can be repeated several times even under applied different

temperatures[84].

The experimental setup and the working principle of Raman Spectroscopy are
in Chapter 2.
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3.2.4 Results

The samples produced in the same production line of the glass-making company
were used in this study and the type of the trapped gas inside bubble defects was
analyzed by using the non-destructive Raman Spectroscopy method. The shape
of the bubble seeds can be seen in the figure 3.24.

Figure 3.24: (a),(b),(c)The bubble defects on different glass samples

When zooming on the bubble defects by optical microscope, the different re-
gions inside the bubble appeared. These regions can be divided into parts as the

center and the left, and the right corner as in the figure 3.25.

Corner Center Corner

Glass sample with defect Bubble structure

Figure 3.25: Bubble defect regions

The high-intensity laser light was focused on each region and corresponding
signals were collected with a total of 2 accumulations and 100 sec integration
time. Since the dept of the bubbles is different in each region, the laser focus was
made carefully and the scattering effect was considered in the laser alignment on

the regions (see figure 3.26).

62



Figure 3.26: (a),(b) Laser focuses on the bubble center region;(c),(d) Laser focuses
on the bubble corner region

The results ( see figure 3.27 ) shows the presence of some aforementioned
bubble forming effects contribution in the bubble trapped gas. While both center
and the corner of the bubble regions had the presence of refractory materials
and raw materials, only the center of bubble showed the presence of used fining
agents like Senarmontite SbyO3 and the sulphur which plays an important role
in the melting process [88]. As a result, the interaction between glass melt and
the refractories on the furnace wall and the feldspar which is used to lower the
meltin temperature of the silica in the batch during the melting process could be

the reason for the observing these peaks.
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Figure 3.27: Raman Spectroscopy results for the peak analyses of the trapped
gas inside the bubble defects
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Chapter 4

Conclusion

In this thesis, the optical methods have been used to characterization of wide
range of materials from macro sized glass samples to nano size exfoliated crys-
tals and nanowires. It was identified the compounds of trapped gases inside a
bubble defect in the glass via scattering of light which is used in operation of Ra-
man Spectroscopy. Non-destructive Raman measuremenets were performed on
different glass samples and the fingerprint information of the specific compounds
were obtained in a matter seconds. In addition to diffraction-limited Raman
measurements, the high-spatial frequency components of the light in near-field
zone were tried to collet by operating transmission mode near-field Raman spec-
troscopy. The experiences and outcome of this work was reported in apendix
section. The operation of transmission mode near-field microcopy provides very
useful and local information in nanosize imaging, however the challenges may
end the experiments therefore the sample preparation methods and the selection
of probe should match with the operation mode of the near-field system. On
the other hand, the photocurrent generation of silver nanowire and nanowire net-
works was obtained and the mechanism behind the photoresponse were explained
in details. In the device fabrication process of silver nanowire study, the biggest
problem while working with nanowires is the PVP encapsulation of nanowires

which increases contact resistance, therefore it is detrimental to overall device
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performance. By applying a proper post-treatment method based on the diame-
ter and length of nanowires, the elimination of PVP can be performed in the next
experiments. On the other hand, the change in resistance and the temperature in
the measurement process may result in local oxidation of Ag NWs under ambient
conditions, so this may need to be investigated as well. Since the photocurrent
generation mechanism of silver nanowires is considered based on the bolometric
effect by the contribution of surface plasmon polaritons propagations, there are
some factors that may need to be considered. The photoresponse nature of the
bolometric effect can be affected by environmental conditions such as substrate
effect, atmosphere, or environment humidity [59], therefore the influence of these
factors on device performance may be further investigated. Moreover, the pres-
ence and the behavior of SPPs in the nanowire network can be examined more

by performing photocurrent scans with differently polarized laser light.
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Appendix A

Near-field Experiences

A.1 Near-field Scanning Optical Microscopy

A.1.1 Experimental set up

In this study, the high-resolution surface images of the different samples were
obtained by using the transmission mode Alpha 300S SNOM (WITEC GmbH,
Ulm, Germany) in contact mode. The hollow pyramid is fabricated on a silicon
cantilever and the apex of the S1O5 tip is coated with a thin layer of a metal like
Aluminum.The metal coating is necessary to prevent the leakage of light through
the sides of the tip[89].The dimension of the cantilever are 700 pm in length, 150
pm in width and a 5 pgm thickness. The typical dimension of the pyramid is 20 pm
in base and 15 pum in the height.The aperture size of the probe is typically less than
100 nm for the visible wavelength applications. The resonance frequency of the
tip is 14kHz in contact mode operation. The operation of the transmission SNOM
starts with the laser alingment. A 532nm continues laser beam is focused on the
back side of the aperture probe by using 20X objective lens. The observation of
the cantilever and the sample can be done simultanelouy in this setup by help of
an inertial drive assembled to the objective turret.An inertial drive holds both the

cantilever and cantilever arm while performing surface approach.Also, the speed

7



and the movement of the inertial drive is controlled through software, which allow
the optical axis alignment of the cantiliver. Therefore, the sample-probe distance

can be controlled easily by following the beam-deflection principle.

Single-mode
optical fiber

Laser 532nm

Upper
Microscope

Cantilever with
Hollow pyramid tip

Transmitted Light

Multi-mode i

Inverted
optical fiber Microscope
________________________ l \r
Pin hole Flip Mirror&Tube Lens Deflection Mirror

Figure A.1: Near-field Scanning Photocurrent Microscopy Setup
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Figure A.2: Exfoliated crystals , 1x1 um calibration sample and recorded SNOM
data sets come from the feedback signals of the detector

A.1.2 Challanges

e Probe Effect

The resolution of the image is restricted to size of the hollow pyramid probe
because the transmission of the light significantly drops with decreasing
aperture size [89].For instance, the drop in light transmission is in the range
of 107¢ for an 100nm aperture size[90]. One has to always compromise from
the throughput output power density to be able to obtain high-resolution.
When the aperture size is smaller than 50nm, the transmission coefficient
of the aperture which is defined as the power of coupled light divided by
emitted light power from aperture , drops below the 10~ ranges that are
quite weak to be detected.[3][91].The figure 2.29 demonstrate the effect of

taper angle on the transmission cofefficient of the probe [91].
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Figure A.3: Silver Nanowire SNOM topography image scan demonstrates depen-
dency of resolution on the aperture size
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Figure A.4: (a) SEM image of the 110nm aperture size probe. The cone angle of
the probe is about 65 °.(b)The transmission coefficient of different sized aperture
probes as a function of the taper cone angle. Image extracted from [87]

e Device Fabrication

The sample properties such as surface roughness, sample transparency, and
the thickness of the sample can be counted as the factors on which the
transmissivity of the SNOM measurement is dependent. During the sur-
face scanning, the transmission efficiency of the near-field light changes
due to the surface roughness of the sample, especially, in the usage of a
blunt-ended aperture probe. As a result of the non-uniformity of the trans-
mission efficiency, the topographic artifacts appear on the final measure-
ment. Therefore, the sample should be prepared in such a way that the
topographic changes can be eliminated as much as possible.In addition to

sample thickness, the substrate effect should be taken into account in terms
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of the absorption of the light. When substrate gets thinner, the absorption
of the light by substrate would be minimum, thus the component of the

near-field light can be detected easily by photodetector [92].
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A.2 Near-field Scanning Photocurrent Microscopy

A.2.1 Experimental set up

The components of the Near-field Scanning Photocurrent microscopy can be seen
in the figure A.5.The power and the intensity of the diffraction-limited 632nm
laser light are controlled through the laser diode controller and laser light passes
through the beam collimator before focused on the aperture probe. Once ob-
taining a good laser alignment on the aperture, surface approaching takes place
under the control of microscope software. Once the tip gets in contact with the
sample surface, the probe feeds signals from sample electrodes to lock-in am-
plifier through a Multifunction I/O Device to make the signal conversion from
analog to digital with help of the written labview code. Such experimental pa-
rameters as scan size, step size, scan speed, and the movement of the stage are
controlled through code, and in the last step, recorded signals are used to build

a photocurrent map.

Collimator

w Aperture probe

! Microscope Software LabVIEW Code

::::::::::

Laser Diode
Controller

Multifunction /O
Device

Tip Approach Photocurrent Map
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Figure A.5: Near-field Scanning Photocurrent Microscopy Setup
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A.2.2 Device Fabrication

In this study, devices were fabricated in heterostructure form which is an easy
way to design and prepare novel materials. The importance of building a het-
erostructure is because of the possibility of discovering the new properties of the
material. The heterostructure form makes it possible to tune the performance of
the devices by building different components to create change in the energy band
alignment and the charge carried mobility of the device. Hence, the building
of the designed components is very crucial to be able to create a new materi-
als system with outstanding properties.Different 2D materials can be joined to
each other by van der Waals forces, and it is not required to consider the lattice
matching between different layers[93] .By upon this information, MoSs and T'a.Ss
materials were selected in this study for the purpose of designing a heterojunction
form. MoS, is well-known for its transition in band-gap, from direct to indirect
with increasing thickness of the crystal and this transition results in much yield of
quantum photoluminescence. On the other hand, T'aS; shows unique properties
in the electronic and structural phases by changes in temperature [94].The device
fabrication for the near-field photocurrent measurement consists of the following

several steps (see figure A.6).

Optical Microscope

Wire -Bonding

PDMS Transfer holder

'0
S Heterojunction of
cotch tape ’ two crystals

Nanomanupulator

/_/.7‘ Indium contact needle

PDMS piece

Glass slide

Exfoliated Crystal on PDMS

Figure A.6: Device fabrication steps for the near-field photocurrent measurement
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First, scotch tape-based mechanical exfoliation of Mo0S; and T'aSs were done
on PDMS. The aim of sticking the tape on PDMS is to make crystal selection
and transfer process easy and also obtain the thinnest crystal possible. Exfoliated
crystals on PDMS were placed on a glass slide and fitted tightly on a nano ma-
nipulator holder. After observing under the optical microscope, the crystals were
chosen for the next step which consists of an alignment of Mo0S5 on T'aS; crystal
to create a junction region. By using a nano manipulator which had control in x,
y, and z-direction, T'aSs and MoS, crystals were carefully landed onto the surface
of clean Si0y substrate. The final appearance of the built junction can be seen

in figure A.7.

Figure A.7: (a) T'aSs (b) MoS, (c) Heterojunction form
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The third step was putting contacts on both sides of the junction to be able to
perform electrical measurements. The indium source was melted on the copper
stage and then it was dragged with the metal needle which was fitted with the
holder to make a sharp indium tip. This sharp metal tip was carefully placed
on the crystal. The tricky part of putting indium contact tip was to make sharp
and long enough indium tails on the substrate to be able to perform a proper
wire-bonding on contacts for the last step of the device fabrication process. After
performing the wire-bonding with a wire-bonder in the cleanroom, the device was

ready for measurement. An example of a wire-bonded device can be seen in figure
AS8.
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Figure A.8: Wire-bonded device
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A.2.3 Challanges

The first difficulty stems from the sample preparation method. Since mechanical
exfoliation is a random method with a low possibility of obtaining thin crystals,
it was a less productive and time-consuming way to fabricate the device. In
addition, the wire-bonded samples were easily damaged with even basic movement
while placing them on the microscope stage. The second difficulty and the most
severe one was the signal loss due to the aperture-based measurement system.
Although the size of the aperture probe was enlarged up to 110nm, it was not
enough to collect and read the meaningful signal through this configuration (see
figure A.9).

Figure A.9: (a)Upper microscope image; aperture probe is between indium con-
tacts (b)Inverted Microscope image.Laser passing through the aperture (c)Top-
view of the aperture probe (d) The apex of the aperture
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A.3 Near-field Raman Specstroscopy

A.3.1 Experimental set up

Once the frequency-doubled Nd-YAG 532nm green laser light is focused through
the silicon cantilever with hollow pyramid type probe( see figure A.10), an evanes-
cent field is created at the pyramid tip of the aperture probe. With help of the
piezo-driven scan stage, transmitted lights are collected spectroscopically point
by point and line by line while the sample is moved and the hyperspectral imag-
ing is obtained during the scan. The diameter of the aperture ( up to 80 nm)
is the only limit for the optical resolution of the transmitted light. Since AFM
contact mode and beam deflection setup is used in the operation of the near-field
Raman spectroscopy, the cantilever has contact with the surface of the sample.
Therefore, the topographical information can also be collected at the same time

along with the near-field Raman spectrum [26].

Figure A.10: (a)Top-view of the aperture probe (b) The bottom-view of the
aperture (c)The hollow pyramid apex
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Figure A.11: Near-field Raman Setup
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A.3.2 Challanges

Although having a number of advantages compared to far-field measurement
methods, there are some limitations in the near-field Raman system which af-
fect the performance of the instrument. The first limitation stems from the usage
of an aperture probe which has been developed to overcome the diffraction limit.
The probe has to have high durability, well-defined geometry, and high light
transmission to be able to stand to slow and high sensitivity measurement. How-
ever, the transmission coefficient of the tip of the aperture probe significantly
decrease with limiting the aperture size down to 50nm. That’s also the major
reason why most of the studies are carried out with the aperture size of 80 —
100nm. [3][90].Also, the amplitude of the near-field radiations exponentially de-
creases with increasing distance between the probe and the sample (see figure
A.12) therefore the collection of the high-spatial frequency electromagnetic fields

are double challenging with an aperture probe.
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Figure A.12: The exponential decay of near-field amplitude with distance.Image
extracted from [7]
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In addition, the low transmission coefficient of power of the aperture probe
cannot be increased by supplying more input power because of the possibility of
damaging the metal coating of the probe around 104W.Thus, one has to increase
the data collection time to be able to obtain a reasonable signal-to-noise ratio
because the power of the transmission coefficient around 107% for even 100nm
aperture which is quite weak to be able to detect easily [3][90][91].On the other
hand, it is very challenging the investigate spectroscopic information of 2D layered
materials since the material amount is extremely small; only single molecular
layer and some materials are light sensitive [95]. Therefore, the sample preparation
method is very critical for a correct measurement. Once created evanescent fields
around the proximity of the surface, the energy shift in the transmitted light
energy is collected by the inverted microscope. This is the only way to record
the Raman spectrum of very small or very thin samples. When the thickness of
the specimen increase, the contribution of the optically perturbative structures
will be visible on the final scanned image at larger distances[96].As a result, the
very long time taking of Raman mapping (e.g.~10 hours) and the limitations in
specimen preparation for Transmission mode near-field Raman spectroscopy led
scientists to develop an alternative approach like Tip-enhanced Raman Scattering

with an apertureless probe[97].
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An example result of near-field Raman mapping can be seen in the fig-
ure A.13.No meaningful near-field signals were observed after 6 hours of time-
consuming measurement. Only the low-quality map of the WS, crystal was
barely taken out. The pixel quality of the map was set in the software to the

lowest value for the purpose of saving time during long measurement.

Figure A.13: (a)Optical Microscope Image of exfolaited WSy crystal (b)Laser
light on the crystal (¢) Near-field Raman mapping result
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