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Abstract

Kelvin Probe Force Microscopy (KPFM), since its relatively recent introduction in 1991,
has become a widely used technique to assess surface charge distribution and work

function of metal/semiconductor interfaces in electronic devices at the nanoscale.

Today, this characterization technique is employed in many nanotechnology-related
applications, with 2D layered material being a notable example due to the necessity of
characterizing various electrical properties with high spatial resolution to better
understand how these parameters scale or change relatively with synthesis, deposition

and environment conditions.

In this thesis I will discuss the main applications of KPFM characterization that | have
encountered during my three years of doctorate, showing its usefulness in various fields,
its main limitations and some practical considerations about the best practices | developed

to optimize sample preparation.

Regarding the study of fundamental electronic properties | will present my results on the
correlation of work function of 2D materials like MoS; and their thickness (Chapter 3),
and how laser induced 3D structures can locally tune the work function of the graphene

basal plane for possible future localized functionalization (Chapter 4).

As an example of the use of KPFM characterization of 2D composites, | will present the
analyses of a metal/graphene interface, more specifically the silver nanowire
(AgNW)/graphene interface, selected as it represents a very promising type of hybrid for

devices requiring highly conductive transparent electrodes (Chapter 5).

Finally, I will show how KPFM can be employed even in a macroscopic conductive 2D
material/polymer composite to elucidate the structure or to verify the presence of the

conductive elements inside the insulating polymeric matrix (Chapter 6).

At the start of this work, I will present a theory background on the origin and principles
of the technique, its evolution and main limitations (Chapter 1) followed by a brief
introduction of the main other characterization techniques employed and my personal

consideration on the best deposition techniques (Chapter 2).



Chapter 1

Introduction to Kelvin Probe Force Microscopy

The goal of this thesis is to show how Kelvin Probe Force Microscopy (KPFM) represents
a valuable tool to gain insight into the interactions between 2D nanomaterials and their
environment in a variety of different conditions. To this day, most of the applications of
this technique have been relegated to studies performed in highly controlled environments

like clean rooms, which are very expensive and not accessible for many researchers.

This is rooted in some technical limitations of the technique, which I am going to
introduce in this chapter, regarding its ability to detect quantitative data in standard
conditions. While this limit still exists, | will show examples of how it is possible to gain
a variety of useful qualitative information on the general phenomena affecting the target
material in the desired substrate or surrounding matrix, all performed in standard room

conditions.

Given the complexity of most of these studies, | would like to acknowledge from the start
the contribution of colleagues that have helped me in areas | was not an expert of. In
Chapter 4, Dr. Tripathi, and expert in Raman spectroscopy, was the one that discovered
by accident the creation of graphene blisters under laser exposure, and while all the
Raman data presented has been discussed and obtained after agreed planning, the data
representation was made by him. In Chapter 6, Dr. Meloni, a chemist with expertise in
latex synthesis, was the only responsible for the creation of all the samples that | have
then analysed. All the information coming from techniques other than the AFM have been

planned by her.



1.1 Introduction and historical development of KPFM

From its inception, the Atomic Force Microscopy (AFM) technique has been greatly
expanded to probe an increasingly wide range of forces and tip/substrate interactions.
Before the first description of the KPFM principles in 1991 by Nonnenmacher at al. [1],
AFM electrical modes already existed for the detection of long range electrostatic forces,
but not specifically for the direct detection of the contact potential difference (CPD). This
quantity depends on generic properties of the sample like local temperature and oxide
layer thickness or dopant presence when a semiconductor is probed, but, under the correct

conditions it can be directly linked to the work function for conductive materials.

The work function of a metallic material is defined as the energy necessary to move one
electron from the highest occupied energy level (called the Fermi energy level at Absolute
Zero temperature) to the vacuum energy level, and it is directly linked to the conductivity
via the carrier density properties of the material itself. The only other technique
previously known for the precise measurement of work functions was the Kelvin method,
requiring two macroscopic size conductors: one of known work function and the other

being the one probed [2].

When they are put at a very close distance, an electric field is generated between them
with a resulting electric tension value, known as the contact potential difference (CPD),

following this equation:

1
Vepp = ;(sz — ¢1) (1.1)

Where ¢, and ¢, are the work function of the two materials, including the effect of any

adsorbed layer or doping in real world applications.



To measure this voltage, a periodic oscillation of frequency o is applied and the two plates

are electrically connected, inducing an electric current of intensity:
i = VCPD (UAC cos wt (12)

With AC indicating the change in capacitance. Consequently an external bias is applied

until the electric field is nullified and the resulting flowing electric current is zero.

In this technique, the measured value is averaged between the whole plate and it is not,
therefore, able to probe local changes or effects at interfaces. While the geometries are
far more complex and the field much harder to measure and isolate from atmospheric
effects, the same principle is applied in KPFM between the probe material and the AFM

tip, allowing the exploration of local changes at a very high lateral resolution.

In fig. 1.1, a schematic representation of how the energy levels change in the tip-sample

interaction in a generic KPFM analysis is shown.

In fig. 1.1 (a) sample and tip share the same environment and they have the same vacuum

energy level but different respective Fermi levels.

In fig. 1.1 (b) the sample and tip are grounded together and a flow of charge moves from
the lower work function material to the one with the higher work function, creating an

electric field of intensity Vcep.

In fig. 1.1 (c) an external bias of opposite sign but equal intensity of Vcep is applied to

nullify the resulting current.

The value plotted on the potential data channel during a KPFM procedure is the inverse
of the intensity of the bias applied to fulfil this condition. Of course, this is a very

simplistic view of the resulting electric field between the tip and the sample, and some



practical aspect and limits of the whole procedure will be highlighted in the next section

of this chapter.
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Figure 1.1 Electronic energy levels of the sample and AFM tip for three cases: (a) tip and sample are
separated by distance d with no electrical contact, (b) tip and sample are in electrical contact, and (c)
external bias (Vdc) is applied between tip and sample to nullify the CPD and, therefore, the tip—sample

electrical force. Ev is the vacuum energy level. Efs and Eft are Fermi energy levels of the sample and tip,
respectively.

In its first set-up, a single-pass tapping scan is employed, driving the cantilever vibration
slightly above the resonance frequency to measure the topography and by applying an
AC voltage at the resonance frequency to measure the effect of Vcpp between the tip and
the sample. The intensity of the field is indirectly probed by measuring the effect on the
oscillation amplitude of the cantilever, during the part of the cycle in which the tip is not
in contact with the substrate. The potential field will act as a net attractive or repulsive
force with intensity depending on the distance between the tip and the sample, with the
average effect measured by the system to apply point by point a DC potential of opposite

sign to nullify that force.



The force felt by the cantilever will be proportional to the overall difference of potential
between the sample and tip, which can be divided into the constituent components in the

following way:
- The AC signal used to create the vibration: Vac sin(melect).

- The intrinsic bias between the sample and the material due to differences of work

function, defined as sample relative to the tip: Vcep.
- The external DC bias applied by the system to nullify the effect of Vcrp : Voc.

Using the above terminology, and defining the tip-sample capacitance as C(z), we can

express the overall force induced on the tip as:

10C 10C

Felec = Egvz = Eg (VDC + VAC sin Wepect — VCPD)Z

10C
>3, [(Voe = Vepp)? + 2(Vpe — Vepp) (Vi Sin wepeet) + Vac?® sin? weect] (1.3)

A common way to further expand this equation to have a simple relationship between
different frequencies and which components affect each, the trigonometric identity
sin?(u)=[1-cos(2u)]/2 can be used, obtaining:

1
19C (Vpe — Vepp)? + _VACZ] +

2
Felec = 5& (1-4)

1
+[2(Vpe — Vepp) (Vac sin wepect)] — [E Vac? €0S 2 wepect
The interesting part of this representation is that we now have the force expressed as three
terms, one of which is constant and the only unknown parameter is the one we want to

measure, Vcpp, With two periodicities at frequency welec and 2melec.

By using an independent lock-in amplifier to measure the induced amplitude at welec and

a dedicated feedback circuit to tune Vpc, it is possible to now measure the Vcpp, while at



the same time it is also still technically possible to monitor the effect at 2meiec to image

variations in capacitance gradient.

This first iteration of the technique, based on the detection of the influence of the potential
field induced by the CPD on the oscillation amplitude, with the system point by point
measuring both topography and potential in a single pass, is still present in systems as
AM-KPFM (Amplitude Modulation — KPFM), fig. 1.2 (a). From this first study, some
limitations of the technique were observed. In particular this results in a decrease of CPD,
and hence resolution, over time, most probably due to dipole realignment of water
molecules on the surface or an increase of contaminant on the tip over time during the

measurement [2].

This first experimental setup was soon employed to show how this technique allowed the
correct identification of surface features like grain boundaries that were usually not
possible to distinguish on the height channel, but that became immediately visible with
KPFM. In particular, single layer differences on HOPG (highly oriented pyrolytic
graphite) that were hardly visible in height channel, presented clear differences on the
CPD channel. This evidence led to the realisation of the main field of application of
KPFM for 2D materials like graphene, showing strong dependence of the work function
to the number of electrically connected layers probed by the system [3]. Furthermore, in
these first studies, KPFM was shown to be incredibly precise in characterizing how
corrosion affects different metals and how positive and negative types of doping were
distributed and imaged in silicon surfaces. This field of research represented for years the
main field of application of KPFM, allowing the study of semiconductor devices that

were becoming smaller and smaller [4], [5].



The necessity of increasing the limits of lateral resolution for CPD detection stimulated
the study of which parameters were the most important to improve the measurements, in
particular the effect of different tip shapes and tip-sample distance [6], which are still the
main factors influencing the experimental setup in modern systems. Tips needed to
become sharper, with half angles as small as possible, around 18° today for the standard
probes made by Bruker® [7], and with smaller diameter, moving from around 40 — 50
nm tip diameters of twenty years ago to the nominal 5 nm used in almost all the
measurements in this thesis, considered the gold standard for the technique. These
considerations greatly affect the capacitance effect measured between tip and sample,
since the closer you get, the bigger portion of the tip will be involved in the detection of
the CPD. In addition, improving the tip dimensions allows the use of lower lift height
between sample and cantilever, hence decreasing the necessary oscillation amplitude and

decreasing the overall forces necessary to control the whole system.

The necessity of constantly increasing lateral resolution for semiconductor devices and
the characterization of doping effects soon led to the development of a new and more
advanced approach [8]. In this new set-up, that is now referred to as FM-KPFM
(Frequency Modulation - KPFM), the system directly measures the effect of the CPD
induced force on the cantilever by measuring the induced resonance shift at the second

resonance frequency while keeping the amplitude constant, fig. 1.2 (b).

The resonance frequency varies as a function of the force gradient according to:

, k- 0F/0Z (1 1(’)F> (1.5)
@o = m = Yo 2kdZ '
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Figure 1.2 Schematic representation of driving principles for AM and FM AFM Tapping modes. (a) In
an amplitude modulated tapping procedures, the measured quantity is the change in amplitude and the
constant quantity is the frequency. (b) In a frequency modulated tapping procedure, the measured quantity
is the change in frequency and the constant quantity is the amplitude. In KPFM, the procedure is the same,
but the measured values are used to tune the applied AC bias to keep the constant quantity at the set value,
instead of controlling the vertical position of the tip. Adapted from [9].

The proper measurement of this shift is achieved by completely separating the two
frequencies that drive the system: the cantilever is oscillated at the first resonance
frequency, which is used for the height detection, while the AC bias applied to the
cantilever is now driven at the second resonance frequency, with reduced artefacts coming
from the crosstalk between the two channels [10]. This second frequency is generally
many times higher than the first one, and the induced effect in each feedback channel is
well defined and differentiated with the proper control system capable of frequency

modulation, FM, that would give in future the name to the technique.

Previously, high quality factor (Q) cantilevers were difficult to control with amplitude
modulation because of their vibration energy decline, and thus the rate at which the
amplitude is damped over time, is very slow. This greatly limited the rate at which the
system could correctly detect the amplitude modifications and feedback this value for
force detection. This effect is even worsened in vacuum, where there is not the damping
effect of the air increasing the rate of the amplitude decline, hence further increasing the

effective Q factor of the cantilever. FM-KPFM systems instead overcome this limitation,
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and even though AM-KPFM in UHV was later proven to be possible using the amplitude
variations at the second resonance [11], it remained the preferable choice, with studies
pushing the limits of the technique in UHV conditions at low temperatures to achieve
single adatoms resolution in semiconductors [12]. In FM-KPFM, the cantilever is seen as
a mechanical resonator within an oscillator, with the highest output signal corresponding
to the output of the system at the resonance frequency, which is then measured using a
frequency demodulator. In this configuration, a higher Q factor means that the cantilever
behaves in a way that approximates a perfect resonator, with a smaller frequency

fluctuation, which would be seen as noise at the demodulator [13].

Due to the lower sensitivity at the second resonance, normally higher AC voltages need
to be applied, which in some cases induces crosstalk with the height data or induces band
bending in semiconducting samples due to the tip accentuating the local effect of the
applied voltage [14]. Nonetheless, FM-KPFM quickly became the standard methodology
for high resolution studies, with applications in distinguishing component distribution in
metal nanoalloys [15], high resolution studies of pn silicon junctions [16] and surface
defects [17], charge transfer on transistor gates [18] , to map potential distributions [19]
and decipher individual dopant localisation [20] in polarised devices as well as more
generally corrosion science [21]. While as described, FM-KPFM presents the highest
lateral resolution [22], it is also highly sensitive to the Q factor of the tip or more broadly
the ability to properly detect the exact value of the resonance frequency of the cantilever.
Despite modern systems having algorithms that automatically simplify all the necessary
procedures for this purpose, AM modulation may potentially be the better procedure for
substrates that present particular difficulties like adsorbed layers of contaminants or soft
substrates that may contaminate or change the tip and cantilever properties, particularly

when working in humid conditions or if the lateral resolution is not the main concern.
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As a final summary of these two main detection techniques:

AM-KPFM: The changes of amplitude induced by the applied AC voltage close
to resonance frequency are monitored and the opposite DC bias necessary to
nullify the vibration is the CPD between tip and sample. Low spring constant
cantilevers are necessary to obtain sufficiently large mechanical deflections.
However, close to the first resonance, tips have long settling time and detection
of the amplitude variations takes longer, limiting the scanning speed. AM-KPFM
is sensitive to the total intensity of the force field, with a resulting measured CPD
value affected also by the area surrounding the point probed.

FM-KPFM: The resonance frequency shift induced by the applied AC bias is
measured at the second resonance frequency and the parabolic dependence
between frequency shift and applied bias is used to evaluate the CPD. Stiff
cantilever with high Q factor are allowed and better topography at lower lift
heights is obtainable to improve correlation between height and potential. FM-
KPFM is sensitive to the force gradient, which depends more on the interaction
with the tip than the effect on the whole cantilever structure, allowing better lateral

resolution.

Both techniques can be operated in contact or non-contact mode, with only FM-KPFM

presenting clear preference for non-contact mode to avoid mechanical cross-talk between

channels during tapping procedures [23]. During non-contact procedures, a second pass

of each line, called interleave, is added to the scan following two possible configurations:

Zinterleave= Z(0) + Zoffset IN the linear mode, in which noise coming from the
movement of the tip up and down to follow the first pass topography is nullified,

at the risk of having artefact coming the difference in height in rough surfaces.
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- Zintereave = Zx) + Zoffset in “lift line” mode, where instead the tip during the
interleave will follow exactly the previously measured profile, allowing a more
reliable measurement in rough samples but introducing some mechanical noise if

steep changes need to be replicated.

A schematic representation of how the two modes are practically implemented in an

AFM system is reported in fig. 1.3.

FM mode Lock-In Amplifier
In  Out OSCout V.
------------- =) R
AM mode /M
In DC out Vi N
KPFM Controller Vg + Vo
.............'-.“g:...l ..... ‘++4 Band
Low frequency <«
s
A& FM demodulator
fdetect <
Feedback Set-point /; | CPD |

Set-point 4y

>| Topography

Figure 1.3. Schematic diagram of KPFM system showing AM and FM mode. The height control pictured
is an FM tapping mode. Taken from [9].

PeakForce®-KPFM is the most recent development in the evolution of the technique: a
double pass procedure using proprietary algorithms from Bruker®. In this technique, the
whole cantilever and its holder are vibrated up and down at 1-2 kHz and during each
cycle, a force curve is obtained by observing the tip deflection. The approach allows the
measurement, instant by instant, of the true force felt by the tip, guaranteeing that the
force felt by the system throughout the interval in which tip and sample are engaged is

kept at the peak force set point chosen by the user. This allows for each point the
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possibility of obtaining complete force-distance curves of the forces felt by the tip during
the approach and the disengagement with the sample, and while in lift mode, a better
detection of the force gradient, which as stated previously is the main property measured
by the cantilever in a FM configuration. In the first pass, topography and nanomechanical
properties are measured, and then, at a set lift height, the cantilever may follow the just
obtained height profile, while homogeneously oscillating up and down to detect the

frequency shifts induced by the CPD force gradient.

This technique expands on standard FM-KPFM possibilities by allowing a better control
of the oscillation behaviour under the electrical force field even when the second
resonance, which is normally around seven times less sensitive [13], is employed. The
main drawback is the complexity of the whole set-up, which adds new elements to the
electronic feedback loop system that may amplify the noise, particularly due to imprecise
calibration. Still, due the simplicity of use for the end user and the amount of data that is
obtainable on a single session, PeakForce KPFM has been the most widely used technique
throughout this work for CPD characterization of our samples. In fig. 1.4 an example of
the data that is simultaneously obtainable in a single pass while operating in PeakForce
KPFM mode is shown, In this picture of a graphene monolayer, with few islands of two
layer graphene, the topography is represented in the top left, while nanomechanical data
like adhesion and Young modulus (using DMT model for small indentation for the case
of graphene) are represented in the top right and bottom left. Finally, KPFM data is
represented in the bottom right, showing the expected high contrast between the basal

plane baseline and the in-plane features.

In its future, the KPFM technique is already starting to expand to allow the ramping of a
range of voltages for each single scanned point to increase the amount of data that can be

reliably obtained in a single scan. This set of data, called Datacube®, will reduce the time
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necessary to obtain results and to prepare and optimize the parameters between each scan.
In this way, robustness and reliability of data will also be improves as there will be no
factors affecting the measurements or the sample between each scan, making it easier to

further optimize future scans of the same material.

3D Topogrhy Map Adhesion Map 124pN

g B

2.0

DMT—ModqusLaal 'FM-KPFM 705 56 mv

Figure 1.4. Example of data obtainable from a PeakForce-KPFM mode scan. This set of images represents
the amount of information obtainable from a single scan of a CVD graphene monolayer presenting interesting features
like small islands of bilayer graphene and well pronounced wrinkles, as visible in the topography, presented in the top
left. The PeakForce algorithm is employed to obtain nanomechanical data like adhesion and Young modulus (using
DMT model for small indentation for the case of graphene), represented in the top right and bottom left respectively.
Finally, KPFM data is represented in the bottom right, showing the expected high contrast between the basal plane
baseline and the in-plane features
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1.2 Practical considerations to improve KPFM imaging

and limits of the technique

Establishing a direct pixel-by-pixel correlation between the KPFM data channel and the
height data channel is a necessity for the characterization of nanoscale materials and
devices, but has been proven to be limited by physical constraints even in optimal
conditions. Great effort was put into trying to properly model the tip sample interactions
[24]-[26], establishing practical advice that still today influence the treatment of KPFM

results and the design of the tips.

First, the CPD signal is not only dependent on the capacitance between the tip and the
sample, but also on the derivative of the capacitances between surrounding regions on the
surface, which is a direct consequence of the long range nature of electrostatic forces
acting on the tip in a KPFM scan. A direct consequence of this is that areas with widely
different work function difference will not appear to have a sharp and well distinct
interface in the KPFM channel, but the supposed step will always appear as a gradual
increase or decrease. This consideration is very important when selecting the substrate
for the deposition of the materials to analyse, so as to limit as much as possible this
convolution effect between the two capacitances affecting the data. Another practical
consequence from this consideration is the necessity of bringing the tip as close as
possible to the sample, as proven by electric field simulation in later years [27] and
comparative studies exploring the effect of tip sample distance in the two main
configurations, AM and FM [28]. Of course, it is not always possible to minimize tip-
sample distance without drawbacks during the characterization of rough or not perfectly
clean samples. Furthermore, bringing the tip as close as possible to the substrate has also

the drawback of increasing the effect of the force felt by the cantilever surface [28]. It
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was established that a tip designed specifically for KPFM applications should have a

minimal cantilever surface area and width, coupled with long and slender tips.

The tips used in this thesis were mainly of two types, both following these design

prescriptions:

- PFQNE-AL tips that excel on the minimal surface area and width of the triangular
cantilever, specifically designed for KPFM [29], fig. 1.5 (a).

- SCM-PIT tips that instead have a broader use in electrical modes, including
conducting AFM [30], and so present the traditional extended rectangular
cantilever which is not ideal due to its increased surface area, fig. 1.5 (b),
compensated in part by a very tall tip, double the height of the PFQNE-AL tip

(~12 pm vs ~5 pm).

Figure 1.5 SEM pictures of the two main tips used in this thesis. (a) a PFQNE-AL tip, a triangular silicon
tip considered gold standard for KPFM measurements, having very high Q factor and relatively high spring
constant for FM and PeakForce KPFM modes. The small dimension minimize the effect on the vibration
from electric field interaction with the cantilever structure. (b) SCM-PIT tip, which can immediately be
recognised by its standard rectangular shape and long dimension. It is a platinum iridium softer tip that
has versatile uses in various electrical modes, with the drawback of the big dimension affecting AM
measurements and low spring constant affecting FM modes. Both SEM pictures were taken from the official
Bruker® webstore for AFM probes, https://www.brukerafmprobes.com/
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Another factor that influences the tip choice is the tip material and/or coating: during the
first years of use, KPFM was employed using only standard AFM tips coated with 10 nm
of either Au or Pt, since they were already used in other electrical AFM modes and cheap
and widely available. SCM-PIT tips, for example, belong to this family of tips, which
primarily are Platinum Iridium coated. The problem with these tips, particularly when
imaging rough substrates pertinent to the materials discussed in chapter 5 of this thesis,
is that the conductive coating may unsystematically degrade or sustain damage during the
scan due to laterally impacting taller structures or even just by losing the coating over
long times on the tip apex due to wear during normal scanning. To have more robust tips
that would not permanently change their properties due to wear, semiconductor tips
without any type of coating were developed [31], quickly becoming the gold standard for
KPFM thanks to the possibility of more reliably comparing data coming from different
scanning sessions without the necessity of SEM characterization to verify the state of the
coating, if quantitative data was extrapolated from the images. PFQNE-AL tips belong to
this family, and the only real drawback is the cost, normally up to two times that of metal-

coated tips.

Another key aspect to consider when using KPFM in ambient condition is the effect of
the usually unavoidable potential shielding by the adsorbed water on top of the sample.
Increase and decrease in CPD contrast was proven to happen in samples that otherwise,
when analysed in ultra-dry conditions, presented no differences at all [32]. For all of the
samples studied in this thesis, generally a previous thermal treatment in a vacuum was
employed to reduce as much as possible the thickness and presence of this effect.
However, without clean room conditions a small layer is almost impossible to avoid. This
is particularly important with application using thermally sensitive organic materials [33].

While as a technigue KPFM was born and found its widest use for metallic or semi-
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conductor materials, its use during the years has been expanded also to organic or even
insulating materials. This will be discussed in detail in chapter 6 of this thesis where we
qualitatively analyse latex-graphene composites. In this application, the interpretation of
the data does not give information on the work function per se, but on the localization of
charges under the applied potential [34], which may give insights on the localization and
the preferable charge movement in composites with conductive components, or how this

component reacts under different external electrical or photovoltaic stimulations [35].

A further limitation that needs to be discussed is completely independent from physical
properties of the tip and ambient conditions. The discrepancy of expected CPD values
from models, even for simple metal-to-metal or metal-to-semiconductor measurements,
may arise from a variety of unexpected bias-dependent interactions between tip and
sample. This may be very difficult to compensate for, as it is not always immediately
possible to predict the effect of contamination or damage of the tip [36], as it is also
dependent on the type of tip and area of the sample probed, which may present component

with widely different mechanical and electrical properties [37].

Finally, as mentioned in the introduction, FM-KPFM is particularly sensitive to the
calibration of the cantilever resonance frequency, requiring proper characterization of
both the first and second resonance to properly work out the frequency shift induced by
the CPD field. To summarise, for the most widely used tip, PFQNE-AL, the following

calibration steps should be followed:

- Contact calibration on a hard substrate: to properly characterize spring constant,
resonance frequency and Q factor.
- Tip shape characterization: if the material mechanical properties are of interest

observing indentation on a soft substrate is necessary. In the experiments for this
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thesis, the tip was specifically chosen to be used primarily for electrical
characterization, and so this step was generally skipped to avoid tip damage.

- Characterization of the work function: on the reference substrate from Bruker®,
to check that the proper step structure can be resolved by the tip, for chapter 3,
chapter 4 and chapter 6. Freshly mechanically cleaved HOPG for chapter 5 when
a better approximation of work function was necessary, avoiding the effect of dirt

present in the reference sample.

The Bruker® standard sample used for this type of calibration is a lithographically
fabricated 50 nm thick film of Au and Al, on top of a silicon chip with reduced layer of
silicon oxide to optimize grounding. More advanced calibration of the tip work function
have been developed in literature [38], but they are generally employed for simple and
more homogeneous systems where it is possible to properly model the sample properties
to achieve correct and precise work function measurements [39], which is not as easy or
even possible for the nanomaterials characterized in this thesis. Once appropriately
calibrated the tip was then kept in a probe holder specifically used for KPFM
characterization and it was never used for any other purpose, to avoid degradation of the
properties. Periodically during long scanning sessions, or anytime the probe holder was
mounted, quick thermal tune calibration was performed to verify consistency of the

expected resonance frequency value.
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Chapter 2
Basics of other characterization and deposition

techniques, and introduction to graphene

As presented in the previous chapter, KPFM is a powerful characterization tool to obtain
topological and electrical properties of the analysed sample in a single step. An advanced
mode like PeakForce-KPFM allows also to add mechanical information to the set of data
available with a single pass. Still, to gain a better understanding of the chemical and
structural properties of the material investigated and its surrounding, other complimentary

characterization techniques are necessary.

Raman spectroscopy represents an invaluable tool in the study of 2D materials as it allows
the characterization of properties like functionalization of the plane and edges and the
identification of monolayer areas. In the case of graphene, Raman data has been used to
model mechanical properties like the amount of strain in the basal plane, which can then
be compared with the set of data coming from electrical and mechanical characterization

operated by AFM [40].

Scanning Electron Microscopy (SEM) can instead be used to quickly image large areas
of the sample surface that would not be possible to characterize with the AFM, whose
resolution is limited to a square of around 90 pum by 90 pum, or that would require a lot of
time to be properly imaged by AFM, which is limited to 2 Hz raster scan movements.
Another powerful use of the SEM is the possibility of using the electrons penetration in
the sample to visualize underlying features or overcome contaminant on the surface that

would instead not be possible to be imaged by the AFM.
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The following sections of this chapter will introduce the basics of these complimentary
characterization tools employed in the experimental sections of this thesis, followed then
by an analysis of the different deposition techniques used to prepare the samples and how
they affect the quality of the AFM scan. At the end, a brief introduction to the main 2D

material used in this thesis, graphene, is presented.

2.1 Raman spectroscopy basics

When a sample is irradiated with a laser source, the interaction between the molecules or
atoms and the incident laser distorts (polarises) the cloud of electrons around the nuclei
to form a short-lived “virtual state”. From the decay of this state when the source is
removed, three types of scattering may be detected: Rayleigh scattering, Stokes scattering
and anti-Stokes scattering, with the last two forming what it is usually referred to as

Raman scattering [41].

Rayleigh scattering is the result of elastic collisions between photons and matter,
producing re-emission of radiation with the same frequency and phase as the impinging
electromagnetic field. Inelastic scattering of photons occurs by excitation of the system
into short-lived virtual state, followed by relaxation to a phonon-mediated vibrational
level about the ground state, resulting in emission of a photon at an energy lower than
that of the incident photon. In a phonon emission event the molecule loses energy,
incident photons are up-shifted in frequency, thus generating anti-Stokes line [41], with
the resulting interaction cross-section significantly reduced compared to Rayleigh
scattering. Figure 2.1 shows a schematic diagram of all three possible scattering events.
An important characteristic of Raman scattered photons is that they can only differ from

the excitation energy by multiples of the phonon energy.
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Figure 2.1. Representation of the three scattering processes. Given the same amount of excitation energy
in the system (AE=hwo), three main scattering processes may happen. If the excited electrons move from
their ground state to the virtual state under the radiation source and then they go back to that state in a
perfectly elastic scattering, we have Rayleigh scattering. If the system absorb some energy and hence
release a lower amount of energy, we have Stokes scattering. On the opposite, if the system absorb part of
the radiation energy, we will have anti-Stokes scattering. These last two type of inelastic scattering form
what is called Raman scattering.

A Raman spectrometer consists of a laser as a photon source, which is transferred through
a number of mirrors and filters that adjusts the diameter and collimates the laser beam.
The laser beam is directed onto a rejection band filter (notch filter), after which it passes
through a microscope lens to be focused on the sample mounted to the sample stage. The
beam reflected from the sample passes back through the microscope optics and through
a monochromator. Raman shifted radiation is detected and analysed with a charge-
coupled device (CCD camera), followed by data acquisition and curve fitting using the

proprietary computer software.
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Raman spectroscopy is a very attractive and non-destructive technique for studying the
phonon and electronic structure of carbon materials, such as carbon nanotubes [42] and
graphene [43]. Raman spectroscopy has been used in Chapter 4 and Chapter 5 as a
powerful tool to verify the quality and the state of the graphene flakes. In particular, in
Chapter 4 to verify the monolayer nature of the analysed flakes and to gain some insight
on the strain that the blister structures impart during laser irradiation, based on previous
results found in literature [40]. In that study, the Raman spectrometer system was also
used as the source of the high intensity laser used to modify the monolayer structure, by
operating the system at 100% laser power emission and for longer time than usually
necessary for the characterization. In Chapter 5, it was again used to test the amount of

strain applied to graphene flake wrapping around the silver nanowires.

2.2 SEM basics

Scanning electron microscopy (SEM) employs a focused primary-electron beam to scan
the sample surface in a raster fashion over a user defined rectangular area. Primary
electrons penetrate the sample surface, interacting with atoms within a 3D volume in the
analysed specimen known as the interaction volume, as shown in fig. 2.2. Scattered
electrons travelling through the interaction volume can be divided into two general classes
based on their measured energy compared to the primary source. In inelastic scattering,
electrons scatter through the target material while losing energy and randomly changing
direction in a series of atomic collisions, producing in each of these events secondary

electrons, backscattered electrons, X-rays, heat and light.

The spot size of the beam on the sample surface determines the resolution limit as SEM

cannot resolve any features smaller than the spot size, which can be as small as five
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nanometres, with the drawback of higher energy densities and risk of affecting the sample
at those resolutions. Other parameters affecting resolution include beam penetration and
the sample atomic number. Analytical information of a specimen can be gained by
detecting two main signals, secondary electrons and backscattered electrons: secondary
electrons provide high-resolution imaging of surface morphology and they can be
generated by primary electrons entering the thin surface layer but also by backscattered
electrons on their way back through a larger region of the surface [44]. They possess low

energy (<50eV) and originate within a few nanometres of the surface.
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Figure 2.2. Schematic representation of the type difference areas of interaction between primary
electrons and interaction volume. When the primary source of electrons interacts with the substrate, the
energy determines the dimension of an interaction volume affected by the process. Secondary electrons will
carry the best information about the morphology of the sample, while electrons coming from deeper parts
of the sample may be analysed to gather information on the elemental composition of the sample with a
technique called Energy Dispersive X-Ray Spectroscopy (EDS or EDX). Extracted from
https://www.nanoimages.com/sem-technology-overview/
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Elastically backscattered electrons are characterized by high energy which varies directly
with the specimen’s atomic number and provides elemental composition information, as
well as surface topography imaging [45]. This can also be employed to map the atomic
composition in the specimen with a technique called EDX (Energy-Dispersive X-ray
analyses). EDX works by detecting the X-rays emitted by the analysed surface, which are
originated by electrons moving from high energy levels to holes created in the inner
shells, where the incident beam has excited and removed electrons. By analysing the
energies of the emitted X-rays, it is possible to correlate them to specific discrete energy

differences between two specific shells of specific atomic structures.

The accelerating voltage defines the amount of energy carried by the primary electrons.
Electrons with higher energy produce a larger interaction volume and generate higher
energy signals, while low accelerating voltages provide information from the surface of
the sample. Sample composition strongly affects the depth and shape of the interaction
volume, for example the beam penetration for carbon is about 1 um at 10 kV, and

decreases with increasing atomic number [46].

2.3 Deposition techniques

The analyses of 2D materials presents particular challenges due to their nanoscale
thickness, which of course requires ultra-smooth and clean substrates, and the necessity
of preserving the monolayer structuring by avoiding re-stacking during the deposition
process. A homogeneous distribution throughout the sample is also necessary, to
guarantee that the characterization operated in certain areas of the sample is representative
of the properties of the deposited material in all of it. Every deposition analysed in this

work for the characterization of the dispersion quality, such as average thickness and
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lateral dimension, has been deposited on polished silicon obtained from a sealed silicon
wafer cleaned with IPA. When KPFM was required, either the silicon chip was grounded
to the metallic base with silver paint, or a microscope slide was covered by 10 or 50 nm
of sputtered gold to improve the electrical connection between the sample and the base.
Still, even the best substrate cannot improve the experimental conditions without a proper
deposition technique optimizing the creation of a homogeneous distribution of the 2D
material on the surface, minimizing restacking of the 2D material layers and the amount
of residue remaining on the substrate during the drying process of the solution. The 3
main techniques used in the nanomaterial sector are here introduced, followed by a
summary of the conclusion on which one represented the best approach for the type of

samples characterized in this thesis, with the resulting data presented in Chapter 3.
2.3.1 Drop casting

The simplest deposition technique is represented by the act of directly drop casting from
a calibrated micropipette for deposition of small and controlled quantity. The solvent is
then allowed to evaporate at room temperature or at specified temperatures on a hotplate
depending on the solvent boiling point. The advantage is the simplicity of use and the
possibility of depositing large quantities, but there is no control on the density and

homogeneity of the film thickness.
2.3.2 Spin-coating

This technique works by utilising the centrifugal force to remove the excess liquid from
a rotating substrate surface, hence significantly increasing the evaporation rate of volatile
solvents [47]. It has been widely used by researchers for many years due to its relative
simplicity, low cost, and ability to produce films with accurate thickness down to the

nanometre scale. Thickness can be controlled by varying parameters such as the rotation
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speed, rotation time, and the concentration of the solution, with of course increasing time
and speed decreasing the film thickness. Drawbacks associated with this technique are
that it is normally not suitable for uniform deposition on large substrates and in general
the process is highly inefficient with just a small quantity of the material applied actually

remaining on the substrate, around 2-5% depending on parameters and dimension [47].
2.3.3 Langmuir Techniques

Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) are extremely promising
deposition techniques when the smallest possible thickness of films or uniformity of the
deposited material needs to be achieved, while at the same time allowing coverage of
large surfaces, with the added benefit of being repeatable to increase the number of layer
in a controlled way. In this technique, individual molecule or particles are deposited at
the water-air interface in a small bath, enclosed by two moving barriers that can compress
the amount of material floating at the surface to compact it and control density. The
Langmuir-Blodgett technique has a very long history, with the first observation of the
principle going back as far as 1774 when Benjamin Franklin described in a letter to the
British Royal Society [48] how a very small quantity of oil could spread over large areas
of a pond that was wavy under strong wind, making the covered part “as smooth as a
looking glass”. Irving Langmuir, followed by his assistant Katherine Blodgett, were the
first to systematically investigate the nature of these floating monolayers at the liquid-gas
interface, both receiving a Nobel Prize for their results. However, only relatively recently

the technique has found widespread use in the nanomaterial field.

To be properly deposited using this technique, a molecular material must have
amphiphilic properties, hence having both a hydrophilic and hydrophobic part. This

property leads to a specific organization of their molecular structure at the water/air
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interface, with the hydrophilic end orienting toward the war and the hydrophobic one
instead oriented toward the air. For solid materials, like the 2D nanomaterials that are the
subject of this study, the main condition necessary to achieve the formation of a film is
that they are not dispersible in the liquid subphase, hence remaining trapped at the air-
water interface. Originally made of wax, today troughs are made of Teflon to improve the
containment of the water and normally the process can be fully automated by a software
connected to a sensor to constantly monitor the surface tension and the barriers to control
their movement. The process can be monitored by measuring the surface tension of the
water surface [48]. Addition of surface-active materials will modify the surface tension
of the subphase, with the deviation from that of the pristine liquid (water) being referred
to as the surface pressure (analogous to the pressure of an ideal gas in a 3D system). These
measurements are made using the Wilhelmy plate technique [49], which employs a thin
metal plate such as platinum (Pt) being pulled by the water bath with a force (F) measured

by the system, with the surface tension (IT) calculated using the following:

F

n=sw+o

(2.1)

Where W is the width of the wetted part of the plate, and t is the thickness, hence forming
at the denominator the perimeter of the wetted plate. This simple approximation relies on
the assumption that the contact angle of the subphase with the plate is negligibly small.

This is achieved by the use of Pt plates due to their very high surface energy [50].

The trough containing the water, which has to be strongly hydrophobic to induce the
tallest possible meniscus, evolved in the 1970s with the use of a moving barrier, allowing
more control of the distribution of the film on the surface while at the same time allowing
new studies of the film behaviour after compression and de-compression cycles thanks to

the use of automated barriers, as seen in fig. 2.3 (A) using our own system.



29

The inlet pictures represent microscope images of deposited Molybdenum Disulphide
(MoS>) on silicon after the material is picked up for further characterization at different
parts of the cycle, resulting in different densities. In fig. 2.3 (B) it has been plotted the
different area coverage that can be selectively obtained just by picking up the substrate in
different part of the cycle. Deposition of different masses of materials, in combination
with control of the barrier separation, allows the user to produce films from highly sparse

to nearly full density, in principle.
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Figure 2.3. Experimental results of the control of the density of flakes with Langmuir-Schaefer. (A)
shows an example of surface tension/area plot coming from the sensor after a full barrier cycle and after 5
cycles after the deposited MoS; solution is fully evaporated leaving only the nanomaterial flakes. The
microscope images show how it is immediately visible the difference of the density on deposited flakes on
the substrate at different level of closure of the barrier. In (B) the same results are presented by plotting
the resulting area coverage depending of the total remaining area in the trough for five different points,
with 500 cm? representing the starting point.

Based on the process of transferring the film onto the substrate, two methods of Langmuir
deposition can be defined. The first one to be developed, and the one most commonly
used, was introduced by Blodgett and involves a substrate that is immersed prior to the
deposition and compression of the surfactant, and involves a vertical extraction in which

the barrier compresses the film to maintain homogeneity while the substrate is raised from
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the water. In the alternative technique, called Schaefer’s method [51], the substrate is put
into contact with the water surface horizontally and hence parallel. The advantage is that
the surfactant feels less disruptive forces during the process. Furthermore, the two
techniques differ also on the preferable wettability properties of the target substrate. The
Langmuir-Blodgett approach favours hydrophilic substrates, while Langmuir-Schaefer
favours hydrophobic ones to minimize the wicking of water between the film and the
substrates, but also hydrophilic substrates may be employed if the floating film is

sufficiently dense and rigid.

Since flakes of 2D nanomaterials tend to create rigid films, the LS technique is the most
suitable one. A drawback of this technique is that generally solvents used for the liquid
exfoliation process have low vapor pressure, hence taking more time to evaporate and
being removed from the bath, which is a non-ideal condition for this technique. A
previous work of our group extensively analyzed the spreading properties of the most
common solvents using experimental parameters like the Hansen parameter to predict the

best choice for the creation of stable LS film at the air-water interface [52].

2.4 Quality of deposition depending on the deposition

technique

In general, for the purpose of single flake or few flake characterization, spin coating is
the technique that has the best trade-off between advantages and disadvantage. The
deposited solution, as shown in fig. 2.4 (A), tends to present homogenously distributed
and well-isolated flakes, which for the purpose of the KPFM analyses presented in

Chapter 3 is the best condition. Spin coating, as previously mentioned, is a very wasteful
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technique, with only a small percentage of the material actually depositing on the
substrate while the rest is expelled by the centrifugal force. This aspect, normally
considered a drawback, for AFM purposes could represent an advantage, with lower
concentration and restacking of flakes and most of the residue in suspensions getting
expelled with the solvent. In fig. 2.4 (B) an example of these residue, the circular element
in the top half, is shown in a sample obtained with drop casting. These contaminating
elements hinder the proper detection of the morphological properties of the flakes trapped

inside them, and present very low work function that make KPFM data unobtainable.

In fig. 2.4 (C) a very bad example of some of the problems arising from LS deposition is
represented, with huge part of the sample covered by residuals of solvent that stay
permanently attached to the substrate, making proper AFM and KPFM characterization
very hard. In this case, the main obstacle is represented by the amount of time necessary
for the solvents and surfactants to be completely removed from the air-water interface.
While it is possible to overcome this problem by properly selecting the solvent and
leaving the necessary amount of time to the bath to remove as much of it as possible
through evaporation, this problem makes LS an inconvenient technique when a
homogeneous and continuous film is not required. This aspect is also particularly evident
while trying to image materials like MoS that tend to present reactive edges, which may
strongly bind to the surfactant particularly for flakes of small dimensions like the ones
produced by liquid exfoliation, like the ones used in this chapter and in chapter 3. Liquid
exfoliation tends to produce small flakes, as visible from the previous AFM images, hence
making edge effects more noticeable, and particularly in an environment that undergoes
strong mechanical and chemical stress like during the sonication step. Bigger flakes tend
to form aggregates that are normally too dense for proper AFM and KPFM

characterization.
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Figure 2.4 Example of AFM characterization for different types of deposition and SEM images of
contaminating residuals obstructing the proper AFM characterization of MoS2 when deposited with the
LS process. (A) Spin-coated sample, (B) example of residual in a drop casted sample, (C) extreme case of
solvent contamination of the substrate of an LS deposited sample, (D) and (F) SEM images of a sample
under a primary electron beam accelerated at 1 kV, showing how the contaminating layer present in the
AFM images is clearly visible also here, (F) and (G) SEM of the same areas when the beam is accelerated
at 5 kV, showing the expected shape of the flake.

In fig. 2.4 (E-D) and fig. 2.4 (G-F), SEM was used to analyse this type of big clusters.
The effect of the residues in completely covering and surrounding the MoS; flakes as
suggested by the AFM characterization becomes even more visible, with the electron
beam at low voltage (1 kV on the left), not being able to properly penetrate and resolve

the morphology of the flakes. Instead, at higher voltages (5 kV on the right), the electrons
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are able to penetrate the contaminating layer and properly resolve the flakes, which
instead would not be possible with the AFM without picking up large quantity of
contamination with the tip, a process that would also modify the apparent work function

of the tip for the KPFM characterization.

As a summary, after experimenting with all these techniques, | have employed spin
coating as the main deposition technique thanks to its ability of greatly reducing the
amount of contaminant remaining on the substrate and properly disperse the flakes for
better KPFM characterization. Instead, when a homogeneous ultra-thin film is required
for the functionalisation of specific substrates, spin coating is not able to achieve
sufficient control of parameters like total coverage and thickness, making Langmuir-

Schaefer the preferable options.

2.5 Introduction to Graphene

Graphene was the first properly isolated and characterized 2D material, consisting of an
atomic monolayer of carbon atoms that are bonded together in a hexagonal lattice, and it
can be described as an individual atomic plane extracted from graphite, or an unrolled
carbon nanotube [53]. Nonetheless, in literature it is also generally accepted that graphene
may also refer also to a few layer material consisting of multiple layers of monoatomic
graphene, with 10 layers generally accepted as the limit before it is considered again
graphite or nanoparticulate graphite [54]. The exceptional theoretical properties of
graphene have created an entire new field of nanomaterials research, with the hope of

finding other 2D material presenting emerging properties at the single or few layer scale.
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Figure 2.5 Structure of graphene and the peculiar energy spectrum in the honeycomb structure. In (A)
the honeycomb lattice structure of graphene is represented, with the corresponding Brillouin zone on the
right, while in (B) the electronic dispersion in the honeycomb lattice is represented, showing the point of
contact between the two bands in the honeycomb structure, with a zoom in the point of contact, called Dirac
points, showing the typical conical shape of the valence and conduction band of an energy dispersion
following the relativistic Dirac equation, associated to charge carrier behaving as massless fermions,
leading to ultra-high carrier mobility. (A) and (B) extracted and modified from [55]

Graphene in particular presents very fast electron transport, one of the highest mechanical
strengths and thermal conductivities of known materials, comparable to diamond which
of course present the same carbon composition just in a different hybridisation state (sp?
for graphene, sp® for diamond) [56]. The extraordinary electronic properties are a direct
consequence of the peculiar band structure of graphene, which has been also defined as a
zero band gap semiconductor [57]. In particular, the band structure of graphene shows
point of contact between the valence band and the conduction band normally defined as
the Dirac point, with charge carriers described as massless fermions following the Dirac
equation, with the expected conical shape of the band structure in both bands, called Dirac
Cones, fig 2.5 (B). A direct consequence of this configuration is that, in principle, the

monolayers have ultra-high carrier mobility and ballistic transport.
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After the experimental discovery of the first isolated graphene sheet, led by Andre Geim
and Kostya Novosolev [58], several techniques have been used to produce a relatively
high quantity of graphene sheets, with three major pathways commonly found in

literature:

- Mechanical exfoliation.
- CVD.

- Liquid exfoliation of graphite

In mechanical exfoliation, which is also known as the “Scotch tape” or peel-off method,
a graphite or HOPG source is put in contact with adhesive tape which delaminates a
certain amount of layers from the source. Successive folding of the adhesive tape
decreases the amount of layers remaining on the target part of the tape, till the expected
average will be a combination of few layers and monolayer graphene. This technique is
the easiest methodology to produce good quality graphene flakes, but of course has great
limitations on the control of the actual amount of monolayers produced and the possibility
of transferring them to other substrates. Still, this technique has been routinely used in
this work to obtain samples from a HOPG reference sample, often referred in literature
as freshly cleaved HOPG, to calibrate or check the quality of KPFM tips. Mechanical
exfoliation was also used in Chapter 4 to obtain the mono and bilayer distributions of

graphene flakes analysed and functionalized with the Raman spectrometer.

In the CVD growth process, carbon atoms are orderly grown on specific metal substrates
such as nickel (Ni) and copper (Cu) under high temperatures. The driving mechanism
revolves around the affinity of carbon atoms to organize themselves in specific point of
the metallic structure, constraining the other atoms trying to occupy the same space to

other locations on the metal substrate and forming a perfect monolayer structure [59].
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Different initial crystallization areas of the metal substrate will initiate the creation of the
monolayer, and each nucleation site will have a specific effect on the orientation of the
lattice growing from it. This process will create expanding areas with different lattice
orientation that, when getting in contact with each other, create grain boundaries. When
all these regions are surrounded by other regions originating from different nucleation
sites, the process stops and the regions are referred as domains. This technique produces
the largest single sheet areas obtainable, routinely reaching more than 1 cm? [60], and
much larger dimensions from specific groups and companies. In the work described in
Chapter 5, one of such companies, Graphenea®, was employed to successfully deposit a
graphene monolayer on top of our sprayed silver nanowires (AgNWSs) on glass substrate,
which was around 5 cm?. A professional company was employed due to the difficulty of
the transfer procedure, which normally requires clean room condition and specific
protocols to be successful in transferring the graphene monolayer with minimal
degradation of the monolayer. This aspect represents one of the main limitations of the
process, together with all the defects coming from the presence of grain boundaries and
the need of very high temperatures for processing which limits its employability in not

specifically built facilities.

Finally, in the liquid exfoliation technique, low power sonication of a solution containing
graphite and specific solvents like NMP (N-methylpyrrolidone) is employed to separate
each layer from the other resulting in a solution containing few layers or monolayer
graphene as a large population of nanosheets. This type of solvent, of which NMP is
normally considered the optimal one [61], works by infiltrating in-between the graphene
layers thanks to its high interaction energy, equal or greater than the graphene-graphene
interaction energy and by intercalating in the interlayer space, it decrease the intensity of

the van der Waals forces between sheets, hence decreasing the amount of energy
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necessary to isolate them. Unfortunately, the solvent that allows the process represents
also the main drawback of the technique, being a contaminating element for the final
dispersion, which due to its high interaction energy may be hard to eliminate without
aggressive procedures that may introduce defects on the final material. Still, it represents
the easier technique for large-scale production of solutions of 2D nanomaterials, and since
the final product is in a liquid solution state, it is easy to use in a variety of deposition
techniques. The high quantity easily obtainable makes it also a convenient technique

when significant amounts are necessary such as in composites or paints .
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Chapter 3
State of the art of the use of the KPFM for

characterization of 2D materials

3.1 Overview of the use of KPFM for the characterization

of 2D materials

Studies of the effect of different substrates on the electrical behaviour of nanomaterials
has been a field of application even before the advent of 2D materials. Studies trying to
gather information on the expected behaviour of 1D materials like CNTs based on their
work function on different substrates can be found from almost 20 years ago [62],
employing solutions that still apply in recent studies. For example, HOPG was already
commonly used as a reference sample as it is known that oxygen weakly physisorbs with
minimal charge transfer on freshly cleaved, structurally perfect HOPG. This allows the
use of HOPG as the perfect reference material as its work function value, 4.65 eV, is well
known, but as a substrate it presents some obstacle for the study of 2D and carbon
materials as it has been shown to induce hybridization of the m states on adsorbed
molecules, altering electronic properties [63]. On the other hand, gold surface is sensitive
to gold contaminant and small variation from tabulated results in UHV must be expected.
Generally, its work function value tends to decrease over time due to oxygen
physisorption, but its high conductivity and well known energy levels made it a primary

substrate to study charge transfer between metallic substrates to nanomaterials [64]

The first KPFM study of the properties of graphene was by Filleter et al. in 2008 [65]. In

this pivotal study, epitaxially grown graphene was characterized to observe how the work
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function was dependent on the number of layers. Respectively to the monolayer work
function, the bilayer showed an increase in work function measured at 1359 meV,
showing how the electronic properties of the two types of graphene are measurably
different, to the point that in general conditions KPFM can be used as a the best technique
to identify areas presenting different thickness of graphene compared to just the
topography data in rough samples with very small height differences. This superior
detection of the proper height of the step size between the layers in the KPFM method is
intrinsic to the working principle of the technique, removing the effect of long distance
electrostatic forces affecting the tip while scanning the substrate, which are a source of
errors in normal topography measurements. This approach requires accurate modelling
of the tip shape and the local field effect, but it has been employed to achieve atomic scale

resolution in literature [66].

The work function difference between the monolayer (1LG) and the bilayer (2LG) of
graphene is particularly important value to properly measure as it is independent from all
the other sources of error coming from tip shape, structure and charge. The absolute
values measured on the basal plane of a 1LG or 2L.G may vary based on experimental
conditions and they are not normally reliable if a direct comparison to other areas of
interest of the sample is not available. Another aspect of great importance is that while
the absolute value of the difference in work function between 1LG and 2LG is constant,
it may appear as a decrease or an increase in the CPD map depending on the type of
substrate the graphene is deposited on. In epitaxial grown graphene used for this first
study, the starting SiC substrate act as an n-doping source, hence the second layer will be

less affected and the work function will increase moving away from the substrate.

Conversely to this, for exfoliated graphene deposited on SiOz, doping from the substrate

is positive and the second layer will appear to have a decrease of work function. Specific
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works in the literature demonstrated, using KPFM analyses of the substrate alone, how
the SiO; is prone to create isolated areas of strong electronegativity that also explains why
in defect free graphene the work function map may not appear homogeneous [67]. Further
studies showed how this screening effect of the layers is proportional to the number of
layers, but not in a linear way [68]. As the number of layer increases, the work function
increase or decrease follows an exponential decay that reaches its limit at around 20
layers. Beyond, there is effectively no difference between bulk graphite and few-layer
graphene. KPFM has been also used to further characterize the type of electronic
interaction that graphene has with a large variety of substrates, to identify the most
suitable for electronic applications and to determine what doping effects were more or
less effective in changing the band structure of graphene mono and multilayers [69]. The
understanding of these properties allowed the exploration of possible ways to
functionalize graphene to control its electronic state in FET (field effect transistor)
applications. For example with organic molecules [70], KPFM was the technique of
choice to check the successful electronic coupling of the dopants with the graphene sheet.
Another aspect of FET technology that can only be investigated by KPFM is the study of
how functional groups and lattice defects influence the electronic properties in the device
itself based on how they are distributed in the connected flake [71]. This study confirmed
the potential of high-quality graphene in behaving as a gate material without introducing
a noticeable voltage drop between source and drain, as confirmed by KPFM. It also
showed how lattice defects like wrinkles, while showing distinctive work function, do not

seem to obstruct electron flow significantly even in higher densities.

In ambient conditions, interlayer work function differences tend to be smaller, in the range
of the tens of meV per layer [72], with the rate of decrease quickly decaying after 5-6

layers of graphene or up to 10 in insulated conditions with a high resolution tip. The full
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range of work function values from the monolayer to the bulk graphite should be around
250 meV [73]. Polar species in the air will be attracted to doped regions in different ways
depending on the absolute value of the p- or n-doping of the flakes, effectively acting as
a shield to the proper measurement of the CPD. As highlighted in chapter 1, KPFM
techniques are mainly divided in two categories, amplitude modulation KPFM (AM-
KPFM), where the signal intensity is proportional to the actual force felt by the cantilever,
and frequency modulation KPFM (FM-KPFM), where the signal intensity is proportional
to the gradient of the force [74]. Graphene samples, particular when analysed in FET
applications, may have some advantages in the use of AM-KPFM, which employs lower
applied voltage guaranteeing less interaction with the band gap properties of the sample,
but is generally analysed with FM-KPFM in recent years due to the major advantage of

the superior lateral resolution.

As further expanded in chapter 6, another field of application of KPFM is the analyses of
work function changes in the reduction process of GO (graphene oxide) flakes. In this
case, KPFM should show a marked increase of the difference from the substrate value
when the flake is properly reduced as the electron mobility is increased and the doping
effect of the substrate should become accentuated. Compared to the quick re-stacking of
graphene flakes in a solution in absence of specific surfactants, monolayers of GO can be
stored in large quantities in liquid solvents, thanks to their hydrophilic nature. When
necessary, they can be converted back to graphene monolayers with a variety of
processes. Still, GO is a harder material to characterize with KPFM as physisorption of
water molecules caused by its hydrophilic nature shield the effect of the applied potential
[75]. On the opposite of this process, KPFM can also be employed to verify the creation
of radical hydroxyl and carbonyl groups and estimate their relative density on the

graphene flakes. The expected results would be an increase of work function due to the
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electronegativity of these radical groups, with the possibility of locally tuning the work

function under specific ion beam irradiation, for example a He?* source [76].

The absence of a well-defined band gap in graphene limits its application in a variety of
fields where some ON/OFF conditions between a conductive and a not conductive state
are required. In the search for novel 2D materials with semiconducting properties,
transition metal dichalcogenides (TMD) have been identify as a promising new family of
materials, with Molybdenum disulphide (MoS>), with a 1.8 eV bandgap, as a notable
example that has been widely researched due to its relatively lower reactivity and
availability compared to other TMDs [77]. These materials present a characteristic
structure formed by a transition metal monoatomic layer from the 1V, V or VI group
surrounded on top and the bottom from another monoatomic layer of a chalcogen element,

as represented in fig 3.1.

Figure 3.1 Characteristic structure of a TMD. In black it is represented the transition metal, while the
chalcogen is represented in yellow. Taken from [78]

For this family of materials, KPFM maintains its role of being the best technique to

establish the dependence of electronic properties upon morphological features and
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number of layers, and similar works to the ones referenced about graphene can be found
in the literature. Here | will present some notable example to understand the more peculiar
properties of these materials. One of the main limits of KPFM applied to the TMDs is
that they tend to be hydrophilic and so the sample tends to quickly adsorb a layer of water
molecules which at low temperature will shield the sensing of the electron movements
under the applied voltage [75]. The result of this is that the interlayer work function
reported in the literature vary depending on substrate, temperature, vacuum conditions
and applied potential. Despite this, MoSz, for example, presents similar behaviour to
graphene with the work function changing depending on the number of layers up to a
certain height [75], then reaching a plateau that represents the bulk work function after
around 8 layers in UHV conditions. Interlayer work function difference has been
established as remarkably similar to graphene, in the order of more than 100 meV moving

from the first to the second layer.

KPFM proved also an important limitation of MoS;, the effect of the active sites on the
edges and in the lattice defects, grain boundaries or local folding [79]. All of these
imperfections behave as sites for the preferential adsorption of other molecules, which
will further decrease electron mobility and reduce the performance of the nanomaterial in
real life applications. The reactive nature of the MoS; edges was further characterized by
KPFM in a subsequent study [80]. The results showed that after heat treatment the basal
plane work function properly follows the expected monotonic trend from the monolayer
value to the bulk value, while the edges instead tend to be relatively unaffected. This
aspect is particularly important as also the scale of the layer-to-layer work function is
affected, being screened by the molecules attached to edges, hence presenting lower than

expected value.
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This represents the main obstacle in the use of liquid-exfoliated 2D materials for this type
of characterization. As their aspect ratio is significantly smaller than the CVD or
mechanically cleaved material, the effect of the edges on the overall measured properties
is more pronounced, while at the same having the disadvantage of being processed in a
liquid phase which almost surely guarantees the presence of adsorbed molecules at the
edges. In CVD studies, the influence of water is reduced thanks to the possibility of
averaging the value between a greater number of points in the basal plane, even though
the effect still needs to be accounted for [81], as it is more prominent than in other 2D

materials like graphene.

3.2 Example of a CPD/height study of liquid exfoliated
TMDs

As previously mentioned, one of the most basic applications of KPFM for the
characterization of 2D materials is the study of the relationship between the

morphological properties of the flakes and their work function.

While this type of characterization represents an important indication of how the electrical
properties of all the conductive 2D materials scale based on height and lateral size, it
becomes particularly relevant for semi-conducting ones like the TMDs to gain some
general insight on the electronic properties of the material in real life application after
processing and deposition. While the theoretical and ideal properties of these materials
are well established in the literature, during the synthesis, storing and deposition process
there is a decrease in the probability of obtaining perfect monolayer materials with the
absence of defects or functional groups attaching to the structure. Furthermore, the type

of substrate onto which the material is deposited influences these properties, making a
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proper characterization at least necessary to confirm that the effect of all these phenomena

is within the range of the expected properties observed in other studies.
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Figure 3.2 MoS; deposition and KPFM characterization for the study of thickness to work function
relationship. In (A) is shown the AFM height data of the deposited material, with (B) representing the
respective potential data. In (C) the extracted data is plotted showing immediately the expected upward
trend, with (D) showing the averaged trend as a continuous line. In (E) the average flake height distribution
is plotted.
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Liquid exfoliation, while making it easy to obtain large quantities of 2D materials in a
ready to use dispersion for further deposition or inclusion in composites, may induce
changes of properties due to residual surfactant and mechanical stress on the structure

during the sonication process.

In this work, a MoS: dispersion was deposited on top of a smooth silicon wafer with 10
nm of gold sputtered on top to make it conductive for KPFM characterization and to
minimize electrical interaction between substrate and sample. The deposition was by spin
coating followed by 1 h in a vacuum oven at a mild 70°C to remove liquid residue; the
sample was then left in a desiccator in a closed petri dish for storage. Following this, it
was characterized by KPFM, with the resulting height data presented in fig. 3.2 (A) and

the corresponding CPD data shown in fig. 3.2 (B).

The first thing to notice is that the average flake lateral dimension is very small, which,
while being a nuisance for the KPFM by reducing the total number of pixels available for
the averaging of the CPD, allows for a better average thickness, with the majority of flakes
less than 10 nm tall, as shown in fig. 3.2 (E). The pixel-by-pixel data was then extracted
from the image, operating some standard flattening procedure to the height data while the
CPD data was just offset by the average value of the background, which represents the
average CPD between tip and gold substrate. In a flattening procedure, an area of the
substrate without flakes is selected, the average plane angle is calculated and then

subtracted from the complete data to obtain a background as flat as possible.

The data was then plotted first as a scatter plot to observe the general distribution of
points, fig. 3.2 (C)- Subsequently, the data was divided in smaller height intevals and for
each of them the average voltage was calculated, hence obtaining the CPD/height

relationship, fig 3.2 (D). The rate of increase observed is much lower than one would
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expect from the literature [82], but considering the small size and the effect of averaging

due to the effect of surrounding substrate, it can still be justified.

Also, as explained in the previous section, smaller flakes of TMDs have been reported to
have lower contrast with their surrounding as the edges presents molybdenum or sulphur
atoms that tend to interact with water molecules strongly, obstructing the detection of the
proper work function [79]. This is particularly interesting because it shows that by
averaging a large amount of points, instead of relying on standard line section
observation, it is possible to establish general properties from liquid-exfoliated material
from processes that are not operated in a clean room or in a vacuum system. Of course a
limit of the technique is that the averaging compromise reliability at a greater height due
to the reduced number of pixels used and because KPFM, as a technique, is susceptible
to artefacts coming from sudden increase or decrease of height, due to the tip sensing not
only the effect of the point immediately underneath it but also the effect of the lateral

edges of the higher elements.

This analysis was repeated with a different TMD, MoSe2, which presented a more
difficult morphology to characterize due to higher features than MoS,, as visible in the
AFM height picture in fig. 3.3 (A), but also larger flakes with well distributed height
which allowed a reduction of averaging artefacts. The deposition process, thermal

treatment in the vacuum oven and storage followed the same procedure used for MoSo.

The potential map showed a very strong signature from the higher features, fig. 3.3 (B),
but interestingly, once plotted with the same procedure described before, the CPD/height
data for the first few nanometres was remarkably constant, as shown in fig. 3.3 (C). This
time, values were closer to the ones expected for this layered material, with full range

from monolayer to almost bulk like in the range of hundreds of meV.
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Figure 3.3 MoSe: deposition and KPFM characterization for the study of thickness to work function
relationship. In (A) is shown the AFM height data of the deposited material, with (B) representing the
respective potential data. Compared to the MoS; dispersion, this material shows higher aggregation and
strength of the overall signal. In (C) the extracted data is plotted showing a clear baseline for the substrate
and the upward trend, confirmed at different averaging window showed here in different colours, with (D)
showing an enhanced visualization of the first 10 nm. In (E) the starting raw data has been plotted as a
scatter plot.
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In fig. 3.3 (D), we can observe a zoom-in on the first 10 nm, showing an average of 10
mV/nm, which is an order of magnitude higher than that observed with the same approach
for MoS,. Considering that MoSe, has been known to have higher intrinsic conductivity
with lower conduction band minimum than MoS; [83], electrical contact with the
substrate was probably better and overall, considering the bigger dimensions of the
aggregated flakes, the number of points in plane was larger, allowing for better averaging,

as shown by the high density of point in the original scatter plot in fig. 3.3 (E).

In conclusion, this work, while being just the starting point of my work with KPFM
related analyses, represented an interesting first in showing how we can obtain good
quality data for TMDs even while working with liquid-exfoliated materials in air
conditions. The expected problems of liquid-exfoliated depositions, in this case in
particular small flake size and high amount of strongly bonded residue, were immediately
visible on the KPFM data for the MoS, sample. Still, the data showed the expected
increase in workfunction associated with the increased number of layers, with a
remarkably constant increase rate. The same approach used for a similar but electrically
different TMD, MoSez, showed a much higher increase rate thanks to bigger dimension
of the flakes and possibly better electrical contact with the substrate, with a well-defined
linear trend in the first 10 layers and the expected plateau associated with the nanomaterial

reaching the bulk properties for higher thickness.
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Chapter 4
Laser Based Texturing of Graphene to locally

tune Electrical Potential and Surface Chemistry

4.1 Introduction

The possibility of exploiting the extraordinary properties of graphene in the field of
mechanics [84], electronics [85], [86], photonics [87] and in general in almost all the
disciplines of science and technology [56], [58], [88] has generated extensive interest in
recent years. One of the key challenges is the necessity of tuning the relevant properties
of graphene by controlling the shape, dimensions [87], [89] and substrate interactions [86]
while at the same time developing way to obtain controlled functionalisation [90], [91].
In particular, inducing controlled and optimised strain in graphene to module electric
properties has become a field of its own called “straintronics” [92]. The application of
tensile force by bending [93] and stretching [87], [94], [95] the graphene layered structure
or the mounting over textured surfaces [96] are some of the common practices used to
introduce localized strain in 2D materials. These types of procedures have produced
emerging properties such as: pseudo-magnetic fields as high as 300 T and the opening of
a band gap in the electronic band structure when non-uniform strain is applied [97], [98]
or the enhancement of the electron-phonon coupling when biaxial strain is applied [99],

theoretically turning graphene into a superconductor.

One of the techniques employed for patterning and texturing graphene is through laser
irradiation, which represents maybe the most efficient way to strain and alter electrical

and mechanical properties [100]-[102]. In particular, a controlled laser treatment can



o1

induce subtle chemical and structural changes in graphene, which results in the tailoring
of the bandgap, lattice expansion, functionalization and patterning of the surface for
electronics applications [101]. Laser treatments employed in previous studies include
continuous wave [103], nanosecond [104]-[106] and femtosecond lasers [107]. In more
recent studies, complex and stable 3D structures of CVD graphene have been produced
by tuning the irradiation dose to modify electrical and optical properties [107], [108], but
the employed lasers are high energy and not in the range of visible light [102], which
would be the desirable option to minimize the destructive effects of the irradiation and at
the same time to decrease the lateral dimension of the modified areas thanks to the lower
density of energy involved. Raman spectroscopy has been widely employed as a sensitive
and non-destructive laboratory tool to characterize the chemical, mechanical and
electronic properties of graphene through the analysis of carbon-carbon bonds vibrations

[43], [109], [110].

Raman spectroscopy is based on the vibrational transition of molecules occurring in the
ground electronic state; and in particular, employing the visible range of light to induce
variations in the phonon frequencies [111]. Compared to the high emission lasers
employed to modify the graphene surface in the studies cited previously, Raman requires
very low power and has not been usually employed as a possible solution for localised
modifications of the structure, even though longer exposure can produce similar effects.
Finding the optimal trade-off between the most resonant frequency and the minimization
of energy delivered to the sample is necessary to preserve the sample, since prolonged
exposure to laser excitation energy of 2.33 eV (532nm wavelength) and 1.87 eV (660 nm
wavelength) when the focal area is a few pm? can result in unwanted modification of the
sample [112]. As an example, low molecular weight polymers may change drastically

their structure and photochemical/photophysical properties long before reaching their
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glass transition temperature. Also, it is possible to induce local adsorption of species from
the environment through a catalysis process [112], [113]. While these processes may
appear to be problematic for the purpose of characterization, they may be exploited to
modulate desirable electrical properties in conjugated polymers by establishing planar

conformations and higher conjugation length [114].

In a recent paper, a blister was induced in graphene when irradiated by a 532 nm
wavelength laser, due to local gaseous pressure generated by the sublimation of weakly
chemisorbed chlorine trifluoride (CIFs) intercalated between substrate and graphene, with
the resulting pressure on graphene estimated as high as 22.9 MPa and the consequent
creation of the 3D structure, which apparently was reversible when irradiation was
switched off [115]. Other examples of 3D structure creation induced by Raman excitation
have been described in literature in graphene/silica systems when irradiated with 40 mW
for up to 2000 seconds, with a specific pattern obtained with desired mechanical and
chemical changes [102]. Still, even though widely employed for characterization of

graphene quality, rarely this type of modification have been reported and characterized.

In this study, Raman lasers at different wavelength (532 nm and 660 nm) and different
fluence (mJ/um?) have been used on mechanically exfoliated graphene on silica, with
AFM characterization used to verify the specific surface area affected under laser
irradiation. A lower dose of laser energy (2.5-3.7 mJ/um?), routinely used for Raman
characterization, has been used to identify areas of monolayer graphene, while the
modifications occur at higher doses (511-753 mJ/um?). Irradiation of different regions of
single and bi-layer graphene in air has been performed in order to observe, characterise
and understand the structures formed using this approach. The 3D structure produced
shows distinctive morphology, adhesion force and local surface potential compared to un-

treated graphene crystal under AFM and KPFM analysis.
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The theorized origin of this structure is a combination of expansion of carbon-carbon
bonds and presence of trapped molecules. Also, observed is a degree of partial oxidation
of the graphene blisters verified by Raman spectroscopy and FTIR data, presented in
section 4.5 of this chapter. The areas affected by the laser irradiation were analysed with
Raman mapping as a function of displacement to obtain sufficient amount of data points
to calculate defect density (ng). In summary, power tuning of the radiation source to obtain
different features and the possibility of obtaining pre-programmed patterns of altered
electrical and mechanical graphene spots are established as possible with the Raman

spectrometer.

Single and bi-layer graphene was produced by mechanical exfoliation of graphite
(HOPG), deposited on a silica substrate (300 nm oxide thickness), then cleaned in an
ultrasonic bath with isopropanol and deionized water each for 30 minutes followed by

heating in vacuum oven for 3 hours at 200°C.

Raman spectroscopy (spectral resolution 0.3 cm™) has been carried out at 100X objective
lens using two lasers, first with 532 nm (type: solid state, model: RL53250), and second
with 660 nm (type solid state, model: RL660C100), at different powers (mW). The
maximum power used from the laser source for 532 nm is 50 mW and for 660 nm is 100
mW, switched through the use of ND filters, with the higher power density of the laser
achieved by increasing the time duration (10 s, 15s and 20s) of the irradiation while
keeping the output power consistent. The laser irradiation was repeated over four

different single layer graphene flakes of reproducible textured amplitudes.

AFM characterisation was performed with a Bruker ® Dimension Icon, positioned in an
insulated box over an anti-vibrant stage to minimize environmental noise and building

vibrations. Contact potential difference (CPD, volts) and mechanical data was measured
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from advanced operation mode of PF-KPFM (PeakForce-Kelvin Probe Force
Microscopy) and PF-QNM (Peak Force-Quantitative nanomechanical) respectively.
Peak Force is a Bruker’s proprietary mode which allows the collection of both types of
information on a single acquisition: amid the PF-KPFM operation, the standard
PeakForce procedure is operated in the first pass of each line scanning, with the tip softly
(<1nN) tapping on top of the sample, gathering topography and mechanical properties of
the sample. In the second pass over the same scanning line, the cantilever is lifted from
the surface up to 10 nm distance to collect CPD data. The proprietary Scanasyst®
algorithms simplify engaging and parameters setting procedures, optimizing in real time
Scan Rate, PeakForce set point and Feedback Gain settings, but was in general turned off
during capture once the optimal parameters were achieved to avoid inconsistency in the
final picture. This type of characterization has been performed using every time the same
mounted tip to guarantee as much consistency as possible in the Kelvin Probe data. A
PFQNE-AL tip was chosen for these reasons, being the gold standard of Bruker’s tip for
KPFM characterization: it is a soft silicon-nitride tip with 5nm nominal tip diameter, 300
+100 kHz resonant frequency and 0.8+0.2 N/m spring constant, optimized for electrical

modes and with a proprietary reflective coating on the backside.

Thermal Tune calibration was performed before each imaging session to verify
consistency of resonance frequency and stiffness of the cantilever. High-resolution
mechanical information was acquired by PeakForce-QNM  (Quantitative
Nanomechanical Mapping). This mode works with the same procedure described in the
first pass of the PF-KPFM, but a silicon nitride tip (Model: Scanasyst-air) was chosen in
these cases, having a nominal ultra-sharp tip of 2-3 nm that allows maximum resolution
while minimizing contact area of contact, ensuring better consistency and resolution of

mechanical information, in particular adhesion force map. The resonance frequency and
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the stiffness of the cantilever were measured as 70£25 kHz and 0.2 N/m to 0.8 N/m
(nominal 0.4 N/m) respectively. The adhesion force measurement carried out in PF-QNM
approach was operated in a true contact mode at relative humidity (30-35%) at room
temperature, modest pressing was applied to avoid collapse of the membrane due to large

contact deformation [116].

The FT-IR measurements were performed using PerkinElmer Spotlight 400 FT-IR
Microscope System, used in dual mode single point and MCT array (mercury cadmium
telluride) detector standard with InGaAs array option for optimised NIR imaging, and all

the measurements were done using the mid-IR (4000-500 cm™).

4.2 Morphology and local surface potential of blisters and

graphene nanobubbles

As previously stated, a Raman laser has been used for characterization (number of layers,
oxidation, strain) and fabrication of 3D graphene blisters by changing the laser fluence.
The lowest power range, 2.55 mJ/um?, was employed from the very start to identify
monolayer areas, while two higher energy levels, 511 mJ/um?and 753 mJ/um?, were used
for the creation of the structures, which were then compared to study the effect of the
intensity of irradiation in the resulting blister. Mechanically exfoliated graphene was the
main test sample, comprised of both single layers (1LG) and bi-layers (2LG) deposited
on a silicon substrate with 300 nm of thermal oxide on top, as shown in fig. 4.1 (a). The
selected region is crucial to investigate the significance of sub-surfaces, i.e. a single layer
of graphene beneath 2L.G and silica substrate under 1LG, and under irradiation of the
lower power density (511 mJ/um?), arrays of (12 x10) of 3D blisters of graphene are

produced on 1LG only, while the area of 2LG was unaffected, fig. 4.1 (b).
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Figure 4.1 Area Selection and Blister formation. (a) Optical microscope image (100X) of
mechanically exfoliated graphene on silica before laser irradiation, with 1LG and 2LG graphene of
area 20x20 um?. The dotted square identifies the area of interest to characterise further the laser-
induced 3-D structure. (b) AFM topography is showing an array of graphene blisters only on 1LG at
power density of 511 mJ/um2. (c) High-resolution topography image of the blisters altitude up to 2.5 +
0.5 nm, inset line profile shows consistency in the altitude of produced blisters. (d) Optical image of
the 1LG (different from panel (a)) after Raman laser treatment (753 mJ/um?) produced three blisters
separated by 2 microns as marked by a yellow color rectangle. There are randomly generated graphene
nanobubbles (referred as “Nb”) near the edge of the 1LG marked by a black rectangle. (e, f) 3-D
topography of graphene nanobubble 40 £ 2 nm and laser-induced blisters of altitude 6+1.5 nm
respectively.
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This exemplifies the vital role of interlayer coupling in 2LG in distributing the laser-
induced thermal energy by introducing new vibrational modes in the structure that help
the dispersion of the energy [117], avoiding the local heat density necessary for the
generation of the structure. Another factor is the higher resilience of 1LG on silica due to
higher shear strength [118], hence being less capable of efficiently distributing the heat
energy. The amorphous nature and lower thermal conductivity of the silica layer on top
of the silicon substrate (1 W/mK) also effectively shields the graphene from substrate
induced heating in standard short-term irradiation, but in long exposure conditions like
the one present in this study instead further heating is introduced, leading to short-range
distortions and buckling of the graphene layer [102], [119]. The surface chemistry and
properties of such obtained blisters are different from the ones from natural 3D formations
that are present in the monolayer graphene, caused by imperfections inherent of the

production process.

For example, in fig. 4.2 (a) we can distinguish in the adhesion force map the blisters
induced by Raman from some nanobubbles in the top left, generally caused by trapped
molecules between the substrate and the graphene during the deposition process. We can
also observe other characteristic features of the basal plane like wrinkles and ripples,
which appear as linear structures organized along strain lines residual from the synthesis
and deposition processes. These structures are unavoidable when producing graphene,
but are also of great importance as a reference point for comparison of different

characteristics and functionalization of the basal plane.

The adhesion force map was chosen because it is correlated to the interaction of the AFM
silicon tip apex with the substrate, probing the elastic penetration at a defined force set
point and measured while the tip is moving away from the substrate during the tapping

process. Hence, the adhesion force is linked to the extension of the contact area and the
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structures on top of the graphene layer. For both nanobubbles and blisters we observe that
the tip adhesion is higher in the central area compared to the edges. This is well
established in literature and it happens because the central area behaves like a membrane
with nothing rigid underneath, then being susceptible to deformation under the tip apex
as force is applied, increasing the effective area of the interface between tip apex and
substrate. As a consequence, the adhesion force measured as the tip pulls away from the
surface is increased [118]. While this approach has been employed in the past to make
consideration on the membrane mechanics as a function of the volume, in this work it has
just been employed to justify the data from the blisters, as the structures have very

different dimensions and hence probably also different mechanical behaviour.

Examples of the mechanical data that is obtained during the first pass of a KPFM analysis
is present in fig 4.2 (e). A higher resolution image (inset fig. 4.2 (a)) of the adhesion force
map of the blister shows that also the shape of the area is different, the blisters having a
very clear spherical shape, while nanobubbles are more polygonal, interlinked by wrinkle
structures. This spherical structure would indicate that this blisters stem not from pre-
existing features in the graphene basal plane, but that they arise just from the laser
excitation. The surface potential mapping produced by KPFM shows the same ring
structure with a very distinct CPD signal coming from the blister, fig. 4.2 (b), with a 25-
30% decrease in the observed value at the centre of the blister compared to the basal
plane. This decrease is similar to what can be seen in the wrinkles, where the basal plane
has increased distance from the substrate, removing the standard p-doping induced by
silica on graphene, as extensively established in literature [108], [120]. A possible
explanation also of the inner and outer ring CPD difference may also suggest local
oxidation of graphene [102], since nanobubbles for example appear with a more evenly

distributed value as can be observed in fig. 4.2 (c).
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Figure 4.2 Adhesion force map and local surface potential characterization for graphene blisters. (a)
Adhesion force map (measured by pull-out force) contrast distinguishes 1LG graphene into graphene
nanobubble, blisters, ripple and wrinkles. (b)The CPD (contact potential difference, mV) value of an
individual blister showing peculiar local surface potential with respect to 1LG and the nanobubbles (from
panel c) by introducing a ring around inflated graphene with distinct CPD values (c) The CPD map of the
graphene nanobubble varying with their altitude i.e. gap from the SiO, substrate. The CPD values is highest
for the basal plain graphene supported silica. (d) The work function (eV) measured from the CPD for
different regions shows highest value for 1LG graphene and lowest for the graphene nanobubble of altitude
50nm. The trend is showing the substrate gap distance plays an important role in influencing local surface
potential (e) high resolution images of the height and mechanical data that can be obtained in the first pass.
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A summary of the work function values for different regions is given in fig. 4.2 (d),
consolidating previous observation about the influence of the distance between the probed
graphene surface and the silica substrate. The reported work function values for the 1LG,
measured at 5 eV, and for 2L G, measured at 4.8 eV, in standard condition at 33% relative
humidity are coherent with previous literature findings [68], [121]. Whatever the
substrate, the lowering of work function in 2LG is generally explained by the screening
of the charges, holes in this case, originated by the first layer in contact with the
underlying SiO- substrate [121]. For the blisters, the work function values were averaged

by using just the central area of the ring structure.

In fig. 4.3, an example of this controlled patterning is shown, with the mapping tool of
the Raman software used to obtain an ordered sequence of well-defined blister spelling

US (University of Sussex).

(a) Topography

Figure 4.3 Laser writing induced Tuning of graphene 3D blister patterned to spell US (University of
Sussex), showing the versatility of the process
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4.3 The influence of laser power density

The three main factors controlling the fabrication of the graphene blisters are:

- Carbon lattice expansion of 1LG [107], [122].
- Presence of trapped molecules at the 1LG — hydrophilic silica interface [115].

- Oxidation of the irradiated carbon atoms in air conditions [108].

The first aspect is monitored by investigating the G and 2D peaks at the two different
laser sources chosen (A =532 nm and A = 660 nm) as shown in fig. 4.4 (a, b). There is an
observed broadening of the G and 2D peaks when power density, and hence local
temperature [123], is increased, indicating an increase in overall structural disorder and
the introduction of oxygen functional group in air condition, or the creation of a localised
area of hole doping by oxygen molecules due to the thermal perturbation of the entire
sample, as previously similarly observed in literature [91]. The central frequency of the
G and 2D peaks depends on the change of charge density either by electrical, chemical or
thermal treatments due to the effect on bond lengths and non-adiabatic electron-phonon

coupling [111], [124].

The G band (around 1589 cm?) relates to the doubly generated phonon mode (Ezg
symmetry) at the Brillouin zone centre, due to first order Raman scattering process in
graphene [43], and it is extremely sensitive to changes in the oscillation strength of
electron-phonon interaction near the Fermi level [125]. Normally, the phonon frequency
in the G-band range is not affected by the energy densities associated with a Raman
spectroscopy measurement [126], nevertheless prolonged exposure at high laser power
might still cause structural changes simply due to heating that may alter the Raman

spectra suggesting the higher level of disorder in the carbon lattice. The dispersion rate



62

(AGpos/change in excitation laser) increases with disorder [127], which for the structure

means generation of local sp? and sp® domains in graphene [128].
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Figure 4.4 Stretching of graphene during irradiation. (2) Raman spectrum of 1LG for lasers 4 =532 nm
and (b) 4 =660 nm at different power densities are showing broadening of peaks (G and 2D) and a red-
shift with increasing power density. (c) The sp? domain of the graphene is systematically reduced for higher
power density for both laser source as illustrated by decreasing intensity ratio 1G/12D. (d) Red shift in G
and 2D peak positions, the slope produced by linear fit are Sq= 1.9 and S, = 1.1 for different laser sources.
Inset arrow is showing the direction of increasing power density. () AFM topographic profile of the blisters
at different power densities showing an increase in volume.

The excitation energy (EL) increases the band gap (Eg) energy in graphene, thus enhancing
the Raman scattering signal thanks to increased resonance range in the optical absorption
[43], [128]. Other reports in the past have also already established the possible effect of
laser irradiation in decreasing sp?> C=C bonds while at the same time increasing the C-C

bonds in the deformed graphene plane to accommodate the stretching necessary for the
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creation of 3D structures [107], [108]. A decrease in the 1G/I12D ratio was observed at
higher power density, fig 4.4 (c), suggesting an alteration in the hybrid state of sp? carbon
atoms up to 50% at the highest power density as compared to un-irradiated graphene. In
fig 4.4 (d), we can observe also the upshift of the 2D peak position from the excitation at
532 nm compared to the excitation at 660 nm. The 2D peak originates by a second order
process involving two iTO phonons at the Dirac point (K), which are affected by the
increase in energy during the Raman process, since phonons farther from the K point are

required for momentum conservation which causes significant dispersion [126], [129].

The slope (S) we can measure from these distribution, obtained with a linear fit, are Sq =
1.9 for 532 nm and S, = 1.1 for 660 nm, indicating higher and notable biaxial strain for
532 nm [130]. In the literature much higher values have been observed for the value of S,
like 2.45[95], 2.63 [94] and a theoretical value of 2.25 [40] for biaxially strained graphene
over hollow silica substrate in pressurized conditions. In particular, for this last case the
expansion of the carbon lattice caused by our laser process is much lower compared to
pressurized condition which is verified also by observing the height of our blister
structures, fig. 4.4 (e), which have a max height achieved at 6t£1.5 nm at the highest
energy density (753mJ/um?), an order of magnitude lower than what has been

experimentally reported in pressurized blisters [131].
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4.4 The role of trapped molecules between graphene-silica

interface and functionalization of graphene

Specific studies in the past have demonstrated that graphene is impermeable to most gases
[132], thus trapped gas molecules at the substrate-monolayer interface can locally
produce enough pressure to induce the creation of 3D structures [131]. The role of trapped
molecules to generate pressure and inflate graphene blister under laser irradiation was
estimated by a geometrical approximation using topographical information (height (h)
and width (w = 2r) , where r is its radius) to evaluate internal pressure P of the graphene
nanobubbles and blisters by assuming spherical or cuboidal geometry. In particular, the

force equilibrium imposes:

Pnr? = 2nrto (spherical) (4.1)
Or
Pw? = 4wto (cuboidal) (4.2)

Where t is the graphene thickness (t=0.35 nm) and ¢ is its normal stress, and considering

E Young’s modulus of graphene (E around 1TPa) and that

Ar 2h
E=—=— (4.3)
T w
We derive:
4Ete
P = (4.4)
w

The geometry, stress, strain and pressure inside the blisters or nanobubbles are reported
in table 4.1; the pressure is significantly lower in graphene blisters with respect to

nanobubbles.
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width (w) | Height (h) | strain (g) Pressure (P)
Nm nm MPa
Graphene Blister
156 1.87 0.024 215.15
498 2.75 0.011 31.08
484 3.40 0.014 40.64
506 6.54 0.026 71.52
Graphene nano bubble (reference)

175 15 0.171 1371.43
202 16 0.158 1097.93
431 23 0.107 346.68
542 46 0.170 438.45
620 50 0.161 364.20
646 40 0.124 268.38
700 38 0.109 217.14

Table 4.1: Geometry, strain and pressure evaluations of the graphene blisters and graphene nanobubbles

(E=1 TPa; the stress could be estimated as o = Ee).

To further test the mechanical properties, the blisters were evaluated by pressing with the
AFM tip in a range of normal forces ranging from 0.250 nN to 10 nN, successfully
reducing the altitude from the few nanometres previously declared to less than 1 nm after
the 10 nN step. Still, the original height compared to the silica substrate is supposed to be
around 0.5 nm, showing that residual molecules underneath the blister have accumulated,
contributing, together with permanent lattice changes, to the irreversibility of the process,
fig. 4.5 (a-c). Extreme irradiation can also lead to ablation of graphene carbon atoms and
the underlying substrate [133], with a threshold damage limit established at >
300GW/cm? of power density [134], with disruption of the sp? carbon bonds initiating at

14-66 mJ/cm? [135].

In this work, power density was too low to induce ablation but interestingly a wide area,

up to 1.8 um, of distorted graphene is observed around the blister, fig 4.5 (d), with R;
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defined as the total radius of the perturbed area can be as much as three times larger than

Rn defined as the radius of the blister, fig 4.5 (e).
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Figure 4.5 Affected area of the blister. (a) Topography of the same series of blister while increase normal
force (b) and corresponding tip deformation on top of the structure (c) linear trend of the decrease in
height. Area affected by laser power density (0.511 mJ/um?) shown by (d) adhesion force map. The bright
regions represent the higher values of adhesion force between the tip apex and the surface. () Schematic
image of the disordered region at two different radii R, and Rirepresent inner and outer circles respectively.
(f) The density of defects (ng, 1/cm?) and Ip/lg ratio as a function of displacement.

This modification resembles previous theorized models of activated D-band scattering in
the Raman spectrum of the graphene sheet by point-like defects [136], that describes the
generation of circular areas under ions implantation, where lattice structure is preserved
even though D-band is activated. This was monitored by Raman spectra over the region

of interest at very low intensity, with Ip/lc values with higher values at the centre of the
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structure, fig 4.5 (f), indicating the increase of point like defects on the structure or

symmetry breaking.
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Figure 4.6 Correlation between topography and functionalization of graphene blister. (a) The optical
microscopy of produced blisters (i.e. post-treated) at 100X optical lens. The separation between each blister
is 2 microns. (b, ¢, d). Raman map (resolution 100 nm, sampling data 1581) for ID/IG ratio, 2D peak
intensity and G-peak width in contrast to untreated graphene showing distinct signature from untreated
single-layer graphene, scale bar is 200 nm. (e) AFM 3-D morphology of individual blister along with
untreated surface. (f) Raman spectra of D and G peaks as a function of displacement showing a broadening
of D and G peaks at the blistered region. (g, h) There is broadening and redshift in G peak as a function of
displacement. (i) The equivalent topography of the same blister shows maximum altitude of 6 + 1.5 nm.
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The effect of the laser irradiation in locally functionalizing the 1LG is investigated by
studying the graphene blisters, optically distinguished by microscope imaging in fig 4.6
(a), with high resolution AFM and Raman mapping with increased resolution. As
established previously, in fig 4.6 (b) we can observe again how the Ip/lg ratio shows
increase values in the central area of the blister, where there is the introduction of a Raman
active disordered region. In addition, a decrease in the intensity of the 2D peak, fig 4.6
(c), and broadening of the G peak width, fig 4.6 (d), is confirmed in the central area.
Having the possibility of analysing the same exact blister, correlation was obtained
between the AFM data and the Raman line mapping, with G peak width, fig 4.6 (d),
correlated with height in fig 4.6 (e). The Raman line data is comprised of 20 spectra
spaced 100 nm between each point, all represented in fig. 4.6 (f), showing the systematic
increment of the D peak intensity at 1335 cm™. Also a softening of the G peak becomes
apparent around the 3D features of the blister, fig 4.6 (g), coupled with the broadening,
fig 4.6 (h), all factors suggesting partial oxidation with structural disorder [127], [137],

confirmed by the presence of the carboxylic group in the FT-IR spectra fig. 4.7.
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Figure 4.7 FT-IR spectra of 1LG after laser treatment shows the presence of
oxygenic functional groups.
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4.5 Conclusions

This work demonstrated how the use of a simple high energy Raman spectrometer can be
employed for the creation of 3D structures in 1LG graphene. The resulting creation is
dependent on laser intensity, with higher intensity producing higher features, due to lattice
expansion and the creation of oxygenic functional group, which alter the local electric
properties as shown by KPFM. In particular, a decrease of work function was established,
similarly to other 3D features like wrinkle and nanobubbles, due to increased distance

from the substrate prohibiting p-doping from silica.

A reduction in the domain size of the sp? breathing mode was demonstrate with the
analyses of the Ic/lop ratio along the blister, with phonon softening towards the central
part of the blistered region showing lattice expansion of the carbon atoms. The defect
density measured from Ip/lg decreases as it goes away from the laser affected region (Rn

to R)) affirmed an annular shape for the distribution of defects.

The correlation of Raman and KPFM data may give new insight in the interpretation of
mechanical strains on the graphene structure as normally interpreted by the Ip/lg ratio.
The possibility of better estimating the intensity of the p or n doping felt by the strained
structure may help the interpretation of the Ip/lg plot, were for example p doping has an
effect that is diametrically opposed to the one induced by strain. These results showed the
effectiveness of the Raman spectrometer for the modifications and functional analysis of
graphene layer in a controlled and pre-programmed way, allowing the creation of desired
patterns. This method may open new possibilities in graphene based devices to generate
localised pseudomagnetic fields [97], localised functionalization of the surface obtaining
areas with different adhesion forces and polarities for biosensing applications [138], and

bandgap tailoring [139].
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Chapter 5
KPFM measurements of the AgNW-graphene

interface for transparent electrode applications

5.1 Introduction

In the last decade there has been great effort put into the development of novel thin film
materials with high transparency (T) coupled with high conductivity . This has been
driven by the fact that most transparent electrodes today, for example for smartphone
touchscreens, are made from ITO, indium doped tin oxide. This material, as of today, has
some of highest values of electrical conductivity, with a sheet resistance (Rs) of less than

100 ©/sq, combined with transparency (T) around 90% being routinely achievable.

However, ITO has several drawbacks from a modern applications perspective, as it is
brittle, expensive and requires high deposition temperatures to achieve maximum
performance. In recent years, many candidates have been proposed as potential
substitutes for ITO such as carbon nanotubes, metallic nanowires, graphene and hybrids

of these materials.

Of the proposed options, metallic nanowires (in particular silver nanowire (AgNWSs) )
represent the best combination of reliability, and simplicity of synthesis, deposition
process, electrical conductivity and optical transmittance of the final functionalized
substrate, with properties comparable to ITO [140]. Still, challenges remain in the use of
AgNWs, as they are still relatively expensive and in order to achieve high electrical

conductivity relatively dense films or otherwise very long nanowires are required.
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Moreover, the resulting films are often hazy and require protective coating to prevent
eventual oxidation and sulfurization from atmospheric contaminants. In order to reduce
the required AgNW density while at the same time keeping the required conductivity, our
group has explored in the past hybrids of AgNWs and graphene, successfully obtaining
conductive transparent electrodes with excellent electrical properties and minimal
decrease of transparency. In these hybrids, graphene flakes play the role of highly
conductive parallel pathways for the current to flow and jump from nanowire to nanowire
without having to surpass nanowire-to-nanowire junctions. While at the macroscale the
improvement has been demonstrated, the nature of the nanoscale interactions between
silver nanowires and graphene needs to be further studied to better understand the level
of affinity between these two materials. From this understanding methodologies for
manipulating the interaction may be developed through choice of specific materials and

processing techniques.

This chapter will present original results on KPFM and Raman characterization of this
hybrid system, showing how the coupling of these two characterization techniques can be
an invaluable tool to explore the electrical coupling between graphene and AgNWs on a

functionalized substrate.
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5.2 Nanomaterials and AgNWs in transparent electrode

technology

Smart devices represents a rapidly expanding area of electronics research and
engineering, with transparent electrodes often playing critical functions in devices such
as touch sensors [141], solar cells, smart windows and elements of digital displays and
flexible lighting [142], [143]. Currently, transparent electrodes are made from doped
metallic oxides, mainly indium doped tin oxides (ITO), due to their low sheet resistance
and high transparency in the visible range. ITO has been used for applications and its
processing has been developed in industry for more than 60 years, setting the gold
standard for sheet resistance, Rs ~ 100Q/sq, coupled with optimal transmittance, T>90%
[144]. However, ITO usage presents several problems related to its mechanical properties,
being brittle and losing functionality when flexed [145]-[147], and to the high cost of the
material itself, due to the high demand and fluctuating supply of pure indium, which is a

by-product of mining other metals, in the market [148].

In summary, ITO has limited use in innovative and flexible devices due to high cost,
brittleness, and the high temperature required to achieve maximum materials performance

[149], [150].

Since the market is quickly moving toward flexible transparent electrodes, it is clear that
new materials and solutions need to be found that can be produced at large scale at low
temperature and over large areas at low cost. Many possible solutions have been
proposed, using carbon nanotubes, graphene, or hybrids of these materials [151]. Carbon
nanotubes (CNTSs) are theoretically very promising, with possible conductive values far

exceeding current transparent electrodes [152], however this material is greatly limited
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by the difficulty of the synthesis, purification and separation process. This is very
important as a combination of semiconducting and metallic CNTs, which is the form in
which they are produced, have high variability of local properties and tend to quickly

degrade during use [152].

Graphene is another material that theoretically, if deposited in a single layer form, shows
the necessary transparency and outstanding conductivity necessary for these applications,
with experimentally-measured values of 97% transmittance and around 60 Q/sq [146],
with individual graphene flakes showing in plane conductivity as low as 30 Q/sq [153].
Graphene also shows excellent thermal stability with the film remaining intact after

heating up to 400°C in air [154].

Still, graphene also presents similar problems to CNTs for the synthesis and orderly
deposition process: the process capable of producing the largest single sheets of graphene
with precise control of the number of layers, chemical vapour deposition (CVD),
produces graphene sheets presenting multiple incorporated defects like grain boundaries,
ripples and wrinkles, which increase Rs dramatically [155]. Standard techniques of
deposition for liquid processed materials, like drop-casting, spin-coating, spraying,
instead tend to lack the necessary lateral size of the sheets and will present a more
disordered deposition which increases the resistance due to the presence of sheet-to-sheet
which manifest as tunnelling barriers for electron transport. Promising results have been
presented in literature using Langmuir-type assembly thanks to the possibility of
controlling density and compactness of the film [156]. The primary advantage of this
technique is that since the particles of material are all trapped at the air-water interface
they form, by necessity, a pseudo-2D layer of particles; careful controls prevents overlap
and facilitates the thinnest possible arrangement of sheets to produce highly-conducting

network that can be easily transferred to the target substrate..
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Random networks of metal nanowires have shown the most promising practical results
[146] thanks to their high aspect ratio and relatively simple synthesis and deposition
procedures compared with graphene and CNTSs. In particular, promising results have been
shown for silver nanowire networks, with randomly distributed networks presenting Rs
values of less than 100 Q/sq and >90% transmittance, and even lower values of Rs at the
expense of the transparency at higher densities. In the realization of working prototypes,
moderate success has been achieved by using AgNWSs in many fields where ITO is
employed, like solar cells [157], sensors [158] and transparent electrodes [145]. Still,
today, AgNWs represent one of the potential better candidates for the industry, showing
high electrical and thermal conductivity, as well as excellent optical transmittance

depending on the deposited metallic network density [140], [159], [160].

In particular, promising results have been shown on the production of flexible devices, as
they maintain properties when bent or stretched up to 50% more than their original size
[161]. Prototypes of flexible transparent conductive thin films have been already
produced [142], [145], [157], [162], with many different techniques employed to create
the deposited network such as vacuum filtration [140], Langmuir-Blodgett [163], drop

casting [145], [164], Meyer-rod-coating [143], and spray-deposition [165].

Whatever the preparation method, the key parameters for a successful device were the
morphological parameters of the nanowires and the inter-wire junction characteristics,
affecting both electrical and optical properties. In particular, inter-wire junctions presents
one of the main obstacles of the material, due to the synthesis process leaving polymeric
residue that can’t be completely removed without disrupting the overall structure of the
nanowires, due to strong coordination bonding of the polymer with the silver surface. The
standard procedure to overcome this problem is a heat treatment to fuse the junctions

[166], which due to small radius of curvature of the nanowires allows for local surface
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sintering at much lower temperatures than the bulk silver melting temperature. Still, this
heat treatment may have negative effects on the substrate and overall also represent

another expensive step in the procedure [167].

Furthermore, mechanical robustness and flexibility of the AgNW networks need further
improvement to be properly employed in flexible devices [168], which also require proper
adhesion to the substrate which is still not optimized for many materials as of today. Over
time, if networks are not properly protected they are also susceptible of oxidation and
sulfurization, which results in a gradual increase of sheet resistance and haze in the
transparent electrode over time [169]. Metal nanowires in particular at high densities
present a relatively high fabrication cost, high nanowire-to-nanowire resistance and poor
adhesion to plastic substrates, limiting the use in industrial applications, as AGNWSs are

still relatively expensive, with a price of around £2.5/mg.

Our group [170] has proposed a hybrid solution combining an AgNW film and graphene
flakes deposited on the substrate through Langmuir-Schaefer deposition, obtaining
working prototypes with minimal decrease of transmittance and improved electrical
conductivity fig. 5.1 (A), with the resulting Rs comparable or better to ITO substrates. In
fig. 5.1 (B), a touch screen device is presented showing the visible differences between
the two conditions, pure AQNWs at the bottom and the hybrid on top. In this realisation
the hybrid film has a sheet resistance approximately a factor of 50 lower than the pure

AgNWs, for a comparable film transmittance (visible in the inset in fig 5.1 (B)).
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Figure 5.1 T-Rs graph for AgNWs and graphene hybrid systems. In (A), every numbered point represents
a different density of AgNWs on the substrate, with the density increasing with the associated reference
number. The Rs value for each of these conditions is plotted for both the pristine AgNW condition and the
hybrid condition, showing how even at very low density the addition of graphene greatly improve the
conductivity while decreasing T of less than 10%. In (B), this result is shown in a real device condition
where the top show the hybrid condition and the bottom the pristine AGQNW one, with the hybrid presenting
a sheet resistance 50 times lower than the AgNW film for comparable transmittance.

The proposed principle driving the improvement was the creation of low resistance
pathways due to the presence of the flakes, allowing the bridging of different nanowires,
hence reducing the total length of the path traversed by the current and, even more

importantly, reducing the effect of the nanowire-to-nanowire junction resistance, which
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represents one of the main limiting factors of AgNWs films, without the requirement for
thermal treatments. Still, the nature of this contact needs to be further explored, as pure
silver is not normally known to have great affinity to graphene [171], and the amount of
contact area between the two components needs to be as high as possible to decrease the
contact resistance, hence requiring the graphene flakes to bend around the nanowire as
much as possible. Furthermore, the properties of such electrical connections still need
further studies as in their most common synthesis route, the AgNWs are covered by at
least a single molecular layer of PVVP on their lateral faces, requiring tunnelling from the
nanowire to the flake and back from the flake to the connected nanowire for this increase
to be justified, hence requiring some local probing of the flake surface on top of the

nanowire to confirm this electrical interaction.

In this work, the efficient electrical coupling between the AgNWSs and graphene is
investigate by virtue of KPFM analyses, showing how the two elements strongly interact
and the flow of electrons is permitted, creating distinct change in work function. This
property was further tested with different substrates, glass and ITO, to further establish
independence of the behaviour from the possible doping effect of the substrate itself.
Furthermore, bending of the graphene sheet is analysed using the Raman spectrometer
[130] following the same principle applied to the blisters in chapter 4. KPFM can further
help this type of characterization by giving some insight on the type of doping that the
graphene flake is subjected to, allowing for a better interpretation of the obtained data

points.
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5.3 Silver Nanowires synthesis, deposition and

characterization

As previously stated, AgNWSs represent a promising nanomaterial for transparent
electrodes and in general conductive substrate, allowing with a minimal amount of
material the functionalization of large areas with simple and non-destructive techniques
ranging from drop casting to spraying. Spray coating produces relatively uniform films
in large-scale substrates, even though it is influenced by many parameters such as

spraying pressure, flow rate, scan speed, height and substrate temperature [165].

As previously mentioned, the addition of liquid-exfoliated graphene was suggested as a
way to improve the conductivity of the transparent electrode with minimal loss of
transparency and minimal cost, using a Langmuir-Schafer deposition process. Liquid-
phase exfoliation of graphene tends to create very small flakes, and the Langmuir
deposition process does not ensure that flakes are deposited to ensure contact between
silver nanowires and graphene flakes. This is particularly problematic at the low AgNW
density necessary for proper KPFM characterization. Therefore, for this study a different
graphene deposition approach, based on transfer of CVD grown films, was employed to
have guaranteed coverage of the AgNW network, allowing the use of a less dense network

for the better localization of isolated nanowires during analyses.

The sample used for this characterization was prepared by spraying AgNWs, bought from
SigmaAldrich® and with nominal diameter of 25 nm and length of 15 um, on a glass
substrate. These dispersions are stable in IPA (Isopropyl Alcohol) for extended periods
without any visible sedimentation over days to weeks. The glass substrate was prepared

with two of its lateral margins covered by silver paint to be connected to the ground for
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KPFM and electrical measurements, and spraying was continued until conductivity across
the whole surface was confirmed with standard multi-meter measurement connected to
such silver painted areas during the spraying process, fig 5.2 (A). The sample was then
dried in a closed desiccator, electrically measured and characterized with a standard AFM
topography measurement, using 5 different areas of 20 um? to average the coverage of
nanowires and PVP residual on the substrate, fig 5.2 (B). Average AgNW length was
calculated using measurements of around 100 AgNWs from those areas, fig 5.2 (C), to
establish that the nanowires were on average sufficiently long to properly create a
patterned structure on the substrate for the graphene deposition. The sample was then
dipped for 5 seconds with minimal shaking in deionised water to decrease the amount of
residue on the substrate and the polymer capping layer, then dried in the desiccator and

re-characterized with AFM as previously described.

The process was repeated five times and results plotted together with the Rs measured
values after each cleaning step, fig 5.2 (D), demonstrating a slight improvement of
resistance after the first washing probably due to the removal of most of the PVP residue.
The cleaning process probably reduces the overall density and coverage of PVP and
removes silver seed crystals present from the synthesis, allowing for a better contact with
the transferred CVD graphene. The Rs value in this case was still very high due to the

very low density of the AQNW network, allowing better conditions for KPFM analyses.

The nanowires were also imaged with a TEM before the washing procedure to establish
the PVP capping layer thickness of the as received product, showing a starting average
thickness of around 10 nm, fig. 5.2 (E) and fig. 5.2 (F). The presence of residual
encapsulated silver nanoparticles at the edges of the nanowires, as visible in the red square
of fig. 5.2 (E), proved the necessity of the cleaning procedure as this would present an

obstacle to the proper electrical connection between graphene and the silver nanowires.
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Figure 5.2 Characterization of the AgNWSs functionalized glass substrate. The AgNW functionalized glass
slide (A), showing the silver paint at the top and bottom edges used to measure the Rs and operate the
KPFM characterization, divided vertically in five areas that will receive different amount of washings.
Representative AFM topography of the imaged areas (B) used to average the AgNW length (C) and the
area coverage after each washing and drying cycle, showing an improvement of Rs and decrease of area
coverage due to the PVP and silver nanocrystal residues being removed during the process (D). The high
value of sheet Rs is caused by the low density of the AQNW network necessary for AFM analyses. In (E)
and (F), TEM characterization of the AgNW nanowires before washing is presented, showing a PVP
capping of around 10 nm, in some case still encapsulating Ag nanoparticles as highlighted in the red circle
in (E), which would represent a point of bad contact between nanowire and graphene if not removed.
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Samples were then sent to Graphenea®, a company in Spain specializing in deposition of
CVD graphene layers onto arbitrary substrates, to be covered by a monolayer of graphene
for the study of the composite metal/graphene hybrid. The resulting sample showed high
level of breakage of the AgNW network and wire structure, probably due to the cleaning
procedure necessary for the successful transfer of monolayer graphene into the substrate,
fig. 5.3. The sample showed a great number of silver nanoparticles, arranged in a way
that suggests that they still follow the shape of the destroyed nanowires, in a similar way
to the observed thermal degradation in literature. The network normally becomes
completely disrupted at around 205°C, with minor measurable disruption starting at

around 165°C. [172].

Figure 5.3 Effect of the Graphenea cleaning and transfer procedure on the central part of the sample.
The heating process necessary to remove the polymeric stamp used to transfer the monolayer of CVD
graphene seem to have degraded the nanowires structure, creating isolated nanoparticles, particularly in
the central area of the substrate where the best contact between AgNWs and graphene was achieved.
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At these temperatures, due to a mix of thermal agitation and degradation of the stabilising
PVP layer, the silver atoms at the edges of the lateral (100) surfaces of the silver nanowire
tend to diffuse and reconfigure in a more stable (111) arrangement, which is the
crystallography typical of the silver seeds and the terminal faces of the nanowire. This
process create centres of aggregation all along the nanowire, inducing the breakage of the
nanowire and the creation of the nanoparticles. Interestingly, during the cleaning process,
the maximum temperature applied was 120°C, per our request (the lowest temperature at
which the process can be done), which would not normally be expected to yield
observable disruption, although the time may be the key parameter since the heating was

applied for a very long interval of time.

The cleaning process performed by Graphenea includes washing with IPA, water and
acetone, with the stronger treatment happening after the graphene flake deposition, with

a process described as follows:

- PMMA mould with the monolayer of CVD grown graphene is brought to contact
with the substrate.

- 10hin an oven at 120°C.

- 30 minutes in an acetone bath.

- 30 minutes in an IPA bath.

- Drying with a N2 gun.

Since both IPA and water are common solvents used for storage of the AgNWs, those
unlikely to be problematic. High concentration of acetone instead could theoretically
damage the PVP layer, even though in previous works the minimal thickness after all
types of washing was always a single layer of PVP [173]. In addition, the monolayer of

graphene should protect the underlying structure from the action of the solvents.
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An interesting possibility is that the contact with the monolayer of graphene and the
AgNWs, due to the high thermal conductivity of graphene and the compression of the
PVP layer from the flake, coupled, increase the local effect of temperature of the PVP
layer inducing disruption even at 120°C. This would find some confirmation from the
fact that the areas with the highest amount of disruption were found in the central part of
the sample, were contact was properly established between the flake and the substrate.
Meanwhile, the areas presenting the best AGQNWs for KPFM and Raman characterization
were found closer to the silver paint, where the surface was rougher due to the presence

of the paint, allowing for a better dispersion of heat.

5.4 KPFM and Raman characterization of the

AgNW/Graphene system

As mentioned in the previous section, the AgNW network deposited on top of the glass
substrate was partially destroyed during the extensive processing during graphene
deposition, leaving behind silver nanoparticles. However, where present after deposition,
the surviving silver nanowires gave very high contrast on the KPFM, confirming the
success of the graphene connection to the AFM electrical ground through the silver paint.
In the topography, fig 5.4 (A), we can observe how the nanowire structure has been
reorganized due to the probable decaying of the PVP coating stabilising the lateral
surfaces of the AgNW, with some big nanoparticles connected by residual nanowire
structure. There are also some sparse and smaller nanoparticles, commonly found after
the deposition process of nanowires, and some features typical of CVD monolayer
graphene like wrinkles appearing as short straight line, highlighted in blue in fig 5.4 (B),

while the nanowires are marked in red.
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Figure 5.4 KPFM characterization of the partially degraded nanowire covered by CVD grown graphene.
AFM topography (A) of the partially degraded silver nanowire on glass, showing a structure of silver
cluster connected by the remains of the nanowire. In red, the original shape of the nanowires has been
highlighted, while in blue some wrinkles have been traced (B). These wrinkles are hard to see on the height
channel as they are much shorter than the AgNW, but they become clearly visible in the adhesion channel
(C), due to their stiff nature compared to the basal plane. KPFM data is shown (D), presenting very high
contrast between basal plane and graphene on top of the nanowire, with a CPD difference in the order of
300 mV (E), and equal to a work function difference of almost 0.3 eV. This range of difference can be only
justified by a highly conductive interface between the two elements, allowing for the transfer of electrons
to balance the work function difference between the two surfaces.
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The wrinkles are less visible in the topography channel due to the height of the nanowires
increasing the range of the scale, but then become immediately visible in the adhesion
channel, fig. 5.4 (C). The wrinkles and the graphene immediately surrounding the
nanowire are strained, hampering the penetration of the tip and hence decreasing
adhesion, which can be generally described as the amount of interaction between tip and
sample while in the retraction part of the tapping cycle. Finally, in fig. 5.4 (D), the KPFM
data is presented, showing a very large decrease in the CPD value between tip and
graphene in presence of the silver nanowire underneath, of almost 300 mV in the central
part of the nanowire, corresponding to a decrease of almost 0.3 eV in the work function

value of the graphene.

The proper deposition of monolayer graphene all around the nanowire is guaranteed,
allowing for a clear distinction of the baseline value from the value of the graphene on
top of the silver nanowire. In fig. 5.4 (E), the summary of the data corresponding to the
same section in the three data channels is presented. This type of decrease in work
function suggests a strong electronic interaction between the AQNW and graphene, with
the decrease of CPD suggesting that graphene tends to easily attract electrons from the
nanowire, effectively being n-doped by it. It can also be noted that the silver nanoparticle
at the start of the line section has a similar effect on the work function, suggesting the

same mechanism.

While the magnitude of the CPD contrast suggests by itself that the nature of the change
is due to a highly efficient electrical connection, further data is needed to confirm that
this behaviour is not simply caused by some type of general p-doping of the CVD
graphene by the glass substrate, with the apparent n-doping simply caused by the forced

separation of the monolayer from the substrate itself by the nanowire.
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Figure 5.5 Comparison between the effect of the monolayer-substrate separation and the effect of silver
nanocrystal on the CPD value. AFM topography of an area presenting both silver nanocrystals and
nanobubbles (A). If the CPD present on top of the silver nanowire and nanocrystal would have been mainly
due to the substrate-monolayer separation, the nanoblister should present a similar CPD value compared
in both condition, particularly if the height is comparable. Instead in (C) it is shown how not only the CPD
value is not comparable, but has even the opposite effect, confirming that the effect on top of the
nanocrystals is only due to the electrical coupling between the two components.

To confirm this, an area with graphene nanobubbles, probably induced during the heating
process from the vaporisation of trapped absorbed molecules between the glass substrate
and the monolayer, and silver nanocrystal was further characterized with KPFM, as
visible in fig. 5.5 (A) and fig. 5.5 (B). In single scan area, we can observe how the glass
substrate seems to have an opposite effect on the detached monolayer, with the CPD,
represented in red, slightly increasing instead of decreasing in the part of the height data,

represented in green, corresponding to the bubble, fig. 5.5 (C).
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Instead, the areas over the silver nanocrystals presented a very marked decreased in work
function, confirming the strong electronic interaction between the two elements and the
independence of this property from the distance of the monolayer from the substrate. The

two coloured boxes further highlight the correlation between height and CPD data for

each feature.
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Figure 5.6 Similar deposition and characterization on top of an ITO substrate and analyses of the
resulting strain with the Raman spectrometer. AFM topography of AGQNW sprayed on ITO and covered by
CVD graphene (A), showing in this case a well preserved nanowire and hence a shorter vertical dimension.
The resulting KPFM characterization proves the same type of behaviour, with a decrease in CPD value on
top of the nanowire (B), further visualized in the line plot in (C). In this situation, the absolute CPD value
is lower due to the different effect of the ITO on the surrounding graphene basal plane.

Finally, to further test these results, following a similar procedure CVD grown graphene
was deposited on top of an ITO substrate functionalized with AgNWSs, and again
characterized by AFM, fig. 5.6 (A), and by KPFM, fig. 5.6 (B). In this case the decrease
is smaller but still very noticeable, of the order of 200 mV, suggesting that a properly
formed nanowire will have a less effective electrical contact with the graphene monolayer
due to probably a better preserved PVP capping around it, fig. 5.6 (C). Finally, we use
these KPFM data to better understand the data from a Raman line mapping of the

graphene monolayer on top and around the nanowire.
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Figure 4.7 Raman characterization of the deposited CVD monolayer graphene on different substrates.
In (A) the microscope pictures of the glass substrate area and in (B) the ITO substrate area used for Raman
characterization are presented. Then the resulting G and 2D peak positions are plotted in a single graph
for the glass substrate (C) and the ITO substrate (D). Finally, in (F) the corresponding 2D-G scatter plot
for different points obtained by the line scan is presented, showing the expected shift in the down-left
direction typical of the strained graphene on the area on top and in proximity of the nanowire, represented
by the green dots. In (E) the same plot has been done for the glass substrate, which considering the higher
height should present higher strain. Instead the points in red, representing the points on top and closer to
the nanowire, seems to be nearer to the cluster of the basal plane compared to the ITO case and shifted to
the right. This is well in accordance of the underlying theory, which identify n-doping as a rightward shift,
and highlights the importance of having KPFM data to properly interpret this kind of data.
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In fig. 5.7 (A), the glass substrate area considered for the Raman line scan is shown,
presenting all the underlying silver residue under the graphene monolayer, while in fig.
5.7 (B) it is visible how finding and visualizing a full isolated nanowire is much easier.
In both cases, the colour scale represents the G peak position. For both line scan, the
measured values for the G and 2D peak position along the line scan is plotted, with fig.
5.7 (C) representing the glass substrate and fig. 5.7 (D) the ITO substrate. This plot made
the areas in which the nanowire is present immediately visible, due to the down-shift of
both values. Each point was then plotted based on its 2D and G peak position value to
observe the differences of distribution between areas of graphene on top of the nanowire

and areas of just monolayer graphene.

In the ITO case, fig. 5.7 (F), we can immediately observe the expected strain of the
graphene around the nanowire, adding to the case of a good coupling between the two
system, since, as established in the previous chapter, based on [130], in the 2D-G plot a
shift toward the bottom left of the graph is indicative of strain. Interestingly, compared to
the glass case, fig 5.6 (E), we would expect a higher strain as the partially degraded
structure of the silver nanowire in that situation would amount to a higher height and

hence higher slope for the monolayer to compensate.

It is interesting how in this case the utility of the KPFM may become apparent, as the
very strong n-doping from the silver nanowire and partially on the substrate operates in a
rightward direction on the 2D-G plot and so it tends to move the reduce partially the effect
of the expected shift from the strain. While this type of approach would need a much
greater number of points with better-defined features for proper averaging, the results
from a KPFM characterization of the substrate seem to be a key for the proper
interpretation of this type of Raman data, particularly when the doping effect is that

strong.
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5.5 Conclusions

Silver nanowires and graphene hybrids have proved to be a very promising candidate for
transparent, highly conductive, flexible transparent electrodes. While the group has
measured the improvement of the macroscale properties of the hybrid films in previous
works, the strength and the nature of the nanoscale interaction between these two
components can be further studied. The goal of the study proposed in this chapter is to
give tools to better characterize and understand the strength of the electrical coupling
between AgNWs and graphene, with the approach extendable directly to other 2D

materials.

A glass substrate functionalized with AgNWs has been covered by a monolayer of CVD
graphene, showing how the work function of the graphene greatly changes on top of the
silver nanowire compared to the surrounding substrate. This change has been
demonstrated to be independent of the distance of the monolayer from the substrate,
contrary to the results on nanobubbles and blisters in mechanically cleaved graphene
monolayers in chapter 4, utilising KPFM characterization of areas presenting both silver

nanocrystal and graphene nanobubbles.

Furthermore, the same analyses were performed on a different substrate, in this case ITO,
to confirm the same behaviour was independent from the specific environment in which
the system was deposited. In this second case, the nature of the doping effect on the
graphene was proven to be the same even though the absolute intensity of course different

due the different work function of ITO compared to glass.

Finally, the same theory used to determine the strain of monolayer graphene using Raman

spectroscopy has been applied to a line section with graphene on top of and around a
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AgNW. This approach is sensitive to the type of doping of the analysed graphene, and in
cases like this one, where the intensity of the doping is particularly great, it has been
shown that a secondary technique like KPFM is fundamental to correctly interpret the
data. I believe that the coupling of these two techniques should become the basic approach
in future straintronics studies for both theoretical works on the relationship between
strained graphene and electrical properties, and for real life applications like this one
where the magnitude of the strain on top of the other conductive element could yeld some

insight on the affinity between the two elements electrically coupled.
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Chapter 6
KPFM characterization of graphene — latex

composites

6.1 Introduction

The use of 2D materials in real life applications is generally limited by the difficulty of
synthesis, storage, proper characterization and uniformity of the resulting products. Fast
and easy to use techniques like the AFM allow the proper checking of both the resulting
product of the synthesis process and the final nanomaterial assembly. The final goal is
obtaining a conductive graphene composite, using the minimal amount of material
possible employing the latex assembly technique. In this technique, a stable emulsion of
polymer nanobeads is left to slowly dry at mild temperatures, allowing the beads to
arrange in an organized way while there is still enough water solution for them to move
around freely, followed up by a step in which strong capillary forces induced by the
interstitial water evaporating create strong adhesion forces between the polymer beads,

inducing compacting of the film [151].

In this work, AFM was used to observe the properties of different batches of the same
starting material, and then characterize the surface and electrical properties of the final
composite material to better understand the distribution of the included nanomaterial, and

its interaction with the polymer matrix.

The use of pristine graphene in composite applications is hindered by its tendency to re-
aggregate in the solution in which it is stored, leading to variability in the final composite

properties even starting from the same graphene solution based on the amount of time



93

passed from its synthesis. Furthermore, even the best process for large scale synthesis of
pristine graphene, liquid exfoliation [174], requires the use of surfactant and solvents
which may contaminate the final product, while at the same time producing small flakes
with generally very low lateral size (of the order of several hundreds of nanometres). In
particular, for composites applications, the presence of surfactant molecules may interact
with the polymeric species during the matrix formation steps, changing the resulting
properties unpredictably through plasticization of the macromolecular chains or by

flocculation of residue in liquid suspensions.

The solution was found by utilising graphene oxide (GO), which is obtained from the
addiction of oxygen functional groups, like carboxylic, hydroxyl and epoxide groups, in
the graphene structure, during the all the steps till the drying process of the composite.
The advantages of GO are the possibility of obtaining it in high yield with simple
chemical methods starting from cheap graphite, with the most commonly used process
called the modified Hummer’s method [175]. The highly hydrophilic nature of GO allows

the formation of stable dispersions in water or other polar solvents.

The re-aggregation process is hindered by the functional groups as opposed to the need
for surfactants to stabilise pristine graphene solutions, removing the necessity of
predicting unexpected chemical reactions. This makes GO a very interesting starting
material for a large variety of industrial processes that require large quantities of material.
In particular, it becomes highly advantageous for applications that require aqueous

starting solutions, like for high loading composites materials, coatings and paints.

Still, GO is not a conductive material, and, when the superior electronic properties of
graphene are required, it becomes necessary to remove the oxygen-containing functional

groups with a reduction process. This may be performed with different techniques, like
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thermal annealing [176], [177], chemical reduction [178]-[180], or microwave irradiation
[181]. Thermal reduction proceeds passing through mainly two thermal ranges. The
decomposition of the oxygenic groups, mainly the epoxy ones occurs between the 150°C
and 200°C window [182]. Subsequently, at much higher temperatures, but lower than
1000°C, all the basal plane defects are annealed resulting in near-pristine sp? hybridised
carbon material [183]. During the first range, the reaction is strongly exothermic [184]
and leads to the removal of almost all oxygen, but the basal plane structure still presents
defects. This step is also associated with a visible transition of the material from brown

to black.

The matrix material that will incorporate the GO is instead chosen to be compatible with
a latex assembly procedure [185], which allows the enhancement of the composite
properties at lower filler content than standard mixing processes. This process employs
emulsion polymerization [186], which is commonly used in industrial processes, to
produce a charge stabilised colloidal suspension of polymer spheres. Latex matrices have
been used in the past for a wide range of applications, like transparent, flexible and

conductive composites with metal powder fillers [187], [188] or carbon black [189].

The process reduces the amount of filler required because it confines it at the interstitial
spaces between the spheres during the drying process. Furthermore, the proper choice of
the spheres dimension distribution may allow the control of the actual dimension of the
pores for further optimization of the total filler quantity. This type of structural
organization is commonly known as Apollonian packing [190], which arise by repeatedly
filling the interstices between mutually tangent circles with further tangent circles and it
has been studied in the fields of mathematics for decades. Experimental evidence has

been observed for dispersion of polymer nanospheres in other studies [191]-[193].
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Examples of successful use of this technique and control of the process can be found by
Grunlan et al. already in 2001 [194] for carbon black used as a conductive filler, and
Jurewicz et al. [195] for the highly ordered distribution of carbon nanotubes, expanding
the use also to 1D nanomaterials. A general description of the latex drying and film
formation process is given by Keddie [196]. Following these successful examples, this
work focused on the proper integration of GO in a latex structure followed by in situ

reduction at low temperature (<200°C) to obtain conductive composites.

6.2 Preliminary test on GO and rGO to test KPFM

sensitivity

KPFM was performed on a sample containing an interface between GO and rGO to
determine the sensitivity of KPFM to these chemical changes. KFM has been already
used in different set-ups for the determination of the location of successfully reduced
areas in rGO samples [197]. While the GO by itself has low conductivity, with a proper
set up it is possible to deposit an area small enough to be sufficiently close to the electric
contact leading to the ground, to be measured by the system. In this sample, the electrical

pathway to the ground was obtained by carefully contacting the area with silver paint.

Interestingly through close examination of the micrograph of fig. 6.1 (a), we cannot
observe any evident difference between the reduced and the not reduced area on the
topography map. The oxygenic groups defining the area with only GO are too small to be
perceived with the sensitivity of the AFM tip. However, on the KPFM channel the
difference is immediately visible, fig. 6.1 (b), with two clearly different areas of measured

CPD, here converted to work function values after calibration of the tip on top of freshly
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cleaved HOPG. The difference in work function is very limited but very homogeneous
on all the basal plane for both areas, giving significance to that step. When the rGO
became conductive after the reduction, it also became susceptible to the p-doping from
the underlying silica substrate, which may help justifying the lower than expected value
of rGO as previously established in literature, at around 5 eV [198]. On fig. 6.1 (c) a
typical line section of the data has been plotted to show the step between the two different
areas, showing also where the expected interface is located, showing an increase of work

function value due the local electrical interaction between GO and rGO.
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Figure 6.1 KPFM characterization of GO-rGO interface. (a) Topography data of the interface area, no
clear distinction between the two conditions, that instead (b) is immediately visible on the KPFM channel.
In (c) it is represented the average profile line on the KPFM data showing the degree of distinction in the
work function values between the two zones. In (d) it is shown that the two areas are discernible with the
AFM microscope
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Since it was deposited on glass, a non-conductive substrate, the measurement was also
influenced by being contacted to the ground only on the sample borders, giving a value
that was probably averaged at the interface by the surrounding area, which may help
explain the smaller than expected signal difference. The use of glass was chosen to help
the localization of the interface, which due to the change in colour after the reduction was
visible as shown in fig. 6.1 (d). Based on these results, KPFM cannot be used in complex
systems to directly discern between the two states of GO, but it will be shown to be very

helpful to localize and verify the presence of conductive elements in the latex matrix.

6.3 Composite analyses and discussion

GO flakes Polymer Latex
A spheres

Evaporation Deformation

Segregated network

Count

o\,
00 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30
Lateral size /um

Figure 6.2 Latex creation and characterization. (a) A schematic illustration of the formation of segregated
networks. (b) Particle size distribution of GO and AFM image in topography of GO flakes. (¢) AFM image
in topography for the PL/GO at 2 wt%. (d) AFM image in topography for PL/rGO at 2 wt%.

The matrix latex is a random copolymer of methyl methacrylate (MMA), butyl acrylate

(BA) and methacrylic acid (MAA), with a fairly low glass transition temperature at 20°C,
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but with the spheres stable in their shape up to 200°C. This copolymer is dispersed in an
aqueous solution and directly mixed with the GO dispersion, remaining stable for long
time for storing purposes. Samples were prepared by depositing a layer of the solution on
top of the target substrate, which was either a glass slide or a freestanding mould. Such
obtained samples were then left to dry for the necessary time in ambient condition and
then treated at different temperatures in the vacuum oven to test the optimal temperature

for the GO to rGO in situ reduction.

In fig. 6.2 (A) a brief schematic of the process is represented, with the flakes and the
beads mixing in the solution when deposited on the substrate, followed by a process of
packing of the latex structure due to surface tension and capillary forces. These forces
push the GO at the interstitial spaces in between the spheres, allowing the creation of a
connected network if the process is slow enough to allow such reorganization, hence the
ambient condition maintained during the day long drying process. This slow process is
necessary for the polymer spheres to first arrange in an orderly way, so that each polymer
bead surrounded in the plane by six others. When the amount of agueous solution is
reduced, strong capillary forces created by the evaporating solution compress the beads,
deforming the original round shape into rhombic dodecahedra appearing as a honeycomb

structure on the surface.

If this is achieved, the nanomaterial will reach the highest possible packing density and
the consequent interconnection between GO particles will form a segregated network. To
make this happen, the GO particles need to be sufficiently small and/or flexible enough
to occupy the interstitial spaces, but not so small as to increase the contribution of flake-
to-flake junction resistance. The GO flakes, as prepared for this study, were deposited on

an ultra-smooth silicon substrate for thickness and lateral size AFM characterization. The
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thickness was surprisingly uniform, confirming the advantages of using GO as a starting

material to guarantee an abundance of monolayers, and measured at around 1.51 nm.

Instead, lateral size had a broader distribution but still distributed between 200 nm and 1
pm, which, considering the nominal diameter scale of the beads at around 100 nm to 200
nm, it is ideal for integration in the latex structure. The distribution is plotted in fig. 6.2
(B) and it was obtained by imaging multiple areas of the sample till 70 flakes were
counted and measured. Once completely dried, the sample was characterized again with
the AFM, and, as visible in fig. 6.2 (C), it is shown the formation of the highly packed
structure, with the beads organizing in a honeycomb structure. After the thermal treatment
in vacuum oven at 150°C, the structure is completely coalesced and when characterized
with the AFM, fig. 6.2 (D), it appears as a uniform surface but for some emerging features

emerging from the surface.

These features represent the modified GO flakes, now in this state reduced to rGO flakes
that are preserved in a somewhat organized way confirming the presence of the segregated
network in the PL/GO structure. The resulting samples were then characterized
electrically, measuring the conductivity at different loading levels of relative weight
percent between the two starting solutions, to find at what concentration of GO the
resulting PL structure started to be conductive. The results are plotted in fig. 6.3 (A),
where the minimal amount necessary to obtain a conductive sample was established at
around 0.5 wt.%, and then conductivity slightly increased until 2 wt.%, which was then
used as an optimal value for subsequent characterizations. In the inset, three pictures
represent the changes of colours of sample from immediately deposited, then completely

dried and finally completely black once reduced.
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Also, a picture of a device connected to the composite show that it is conductive enough
at the macroscale to allow the passage of current necessary to keep the LED turned on.
This type of trend, with a well-defined threshold, is typical of the percolation theory,
which explains how conductivity does not proceed in a linear trend proportional to the
amount of material, but jumps immediately to an almost optimal value once the

interconnection of all the conductive components inside the structure is guaranteed [199].

The general equation explaining this conductivity scaling is:

o= opLt 0o (p—¢p)t  for

¢ > ¢ (6.1)

Where o is the conductivity of the composite, gp; is the conductivity of the matrix
polymer, g, is a proportionality constant (which scales with the conductivity of the filler),
t is the critical exponent, ¢ and ¢, are the weight percent of the filler and the percolation

threshold concentration characteristic of it, respectively.

The high conductivity obtained (>10° S/m) shows that the combination of PL/GO is a
very good match, allowing the creation of a well-structured and interconnected segregated
network with a very small amount of material. Fitting the conductivity data with the
previous equation, the value of ¢, is around 0.4 wt%, which is in good agreement with
theoretical value that can be found in literature for particles of similar shape and aspect
ratio [200], [201]. The value of the critical exponent t =~ 0.7, which represents the rate at
which the conductivity saturates above the percolation threshold, is lower than expected
from standard percolation theory. This suggests a system where the particles are spatially
correlated, like in aggregation-based systems or growing networks, with a resulting

composite following what has been defined as explosive percolation [202], [203].
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Figure 6.3 Electrical and XPS characterization of the final composite. (a) Plot of the composite electrical
properties based on the weight percent of starting GO, showing the minimal amount necessary to obtain
very high conductivity. In the inset, are pictured the very clear colour changes after the deposition, drying
and reduction step. A device showing conduction over all the bulk material is also pictured. In (b) and (c)
SEM pictures present the distribution of the material at higher magnification, showing locally in the inset
of (b) how it may still be centred on the remaining spheres structure, but overall even though not as well
organized, still present high density and distribution. In (d) and (e) two examples of the trend of conductivity
of the sample over time during the reduction process are shown, showing no conduction under the
percolation threshold, and a sharp increase instead when the weight% is sufficiently high. In (f) and (g) pre
and post reduction XPS analyses has been plotted, indicating that changes happen probably not only on the
GO, but also on the surrounding polymeric structure.
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A possible theory explaining such results may come from the consideration of the nature
of the reduction process, that as established in the introduction is a strongly exothermic
process, which may locally influence the polymer and help the propagation of the reaction
when the necessary threshold is reached. In fig 6.3 (B) and fig 6.3 (C) different
magnification of SEM images from the reduced sample are shown. At a higher
magnification, only the larger flakes are visible, and they appear not as organized as one
would expect from a latex derived distribution. However an increased magnification, we
can find both smaller arrangements that still follow the original honeycomb structure like
in the inset of fig 6.3 (B). More generally, fig. 6.3 (C) shows that a highly interconnected
structure is present at a smaller scale and pervasive in the entire composite, suggesting
that while the honeycomb structure is not generally preserved, the confinement of the
flakes is still present at very small scale allowing the flow of current. Two examples of

how this conductivity emerge are represented in fig 6.3 (D) and fig 6.3 (E).

These graphs are obtained by plotting the measured conductivity of the sample throughout
the heating process, using two different oven temperature, 120°C and 150°C respectively.
In fig. 6.3 (D) a condition below the percolation threshold, 0.2 wt%, is represented,
showing no increase in the conductivity of the sample compared to the standard and
extremely low conductivity of the polymer. In fig 6.3 (E) instead the optimal condition,
2wt%, is plotted showing the dependence of the final conductivity based on the
temperature used. The interesting factor is the incredibly sharp step from non-conductive
to a value that is almost immediately the highest possible one, giving strength to the
hypothesis of an explosive percolation behaviour. The position of the percolation
threshold seems also to be dependent from the reduction temperature. At higher
temperatures, the percolation happens sooner indicating the role of temperature in

promoting the reduction and at the same time the role of the reduction process itself in
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changing the internal structure of the composite to promote the formation of the

segregated network.

To further explore the differences before and after reduction, XPS has been performed
before and after reduction, fig 6.3 (F) and fig 6.3 (G) respectively. A new C=C sp?
component arises in the reduced sample and another component appears at 290.8 eV
ascribable to m—m* shakeup of aromatic sp? carbons. Furthermore, the sp® carbon
component (now at 1.8 eV higher than its precursor sample), is compatible with aliphatic
carbon bonds in benzene-containing polymers. Indeed, the signals are perfectly
compatible with the equivalent carbons in polyethylene terephthalate (PET) polymers
[204], [205]. This strongly suggests that the reduction of the GO induces an aromatization
of the matrix polymer, which could explain the high conductivity of the composites. The
formation of this aromatised material is not observed in pristine polymer samples
undergoing the same treatment, and rGO produced without the presence of the polymer
is not as conductive as the composites, pointing to a strongly synergistic effect between

both elements.

6.4 KPFM characterization of the final composite

To better investigate the distribution and behaviour of the conductive elements in the
structure, a different preparation technique was employed. The latex and a higher
concentration of GO than the one used for the bulk study were spin coated one after the
other to obtain a very thin and homogeneously distributed dispersion on top of the glass

substrate. Same steps as previously described followed, consisting of a drying step in
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ambient conditions and then the thermal treatment at 150°C in the vacuum oven to reduce

the GO.

The sample was characterized with KPFM before and after reduction, to see if we could
gain any insight of the distribution of the conductive elements and/or if the sample was
conductive enough from the exposed face to the bottom to even operate the imaging. The
necessity of spin-coating to obtain a thin sample was directly linked to the necessity of
limiting the amount of non-conductive material that could hinder the KPFM analyses.

The sample was grounded to the metallic base of the AFM with the use of silver paint.

On fig 6.4 (A) and fig. 6.4 (B) are represented the topography and the potential map for
the untreated but fully dry sample. The topography clearly shows the honeycomb
structure that is expected from a fully compressed and organized network, with some
particles forced at the interstitial areas in between the spheres. The resulting KPFM map
instead show a very noisy and not readable data, with an average value representing the
average CPD between generic polymeric materials and the silicon tip. Once the sample
has been reduced, some interesting features arise from the AFM characterization: the
topography, fig. 6.4 (C), and the potential, fig. 6.4 (B), map for the reduced sample clearly

show some point like features of different height and potential from the baseline.

In the topography map, two types of features are easily discernible from the otherwise
well coalesced and flat surface: a series of small depression evenly distributed around the
sample, and some higher, bigger features breaking through the polymeric surface up to
10-20 nm, highlighted by the red circles. This is consistent with the expected distribution
of the flake size of the starting GO particles, with some few micron size particles and the
majority much smaller, in particular, the bigger flakes in this sample seem to be vertically

oriented, probably trapped in this position during the drying process.
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Figure 6.4 KPFM imaging of the starting composite and the reduced one. (a) and (b) height and CPD
data respectively for the not reduced sample, showing the honeycomb structure segregating residuals in
the interstitial space in the height channel, and a very noisy signal in the CPS channel due to the lack of
conductivity throughout the sample, hindering the collection of KPFM data. In (c) we can observe how the
structure is fully coalesced in the reduced sample, showing two type of feature: small depressions and
higher structure emerging from the polymer. In (d) we can observe how these features have a very strong
signal suggesting they are strongly connected to the conductive segregated network. In (e) and (f) a higher
resolution map of this area has been imaged, showing the direct correlation between holes and the strong
signal, even higher than the one coming from the bigger emerging flakes, suggesting they are either not
fully reduced or less connected to the conductive network.
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In the KPFM map, these two features present a much higher CPD, indicating their
conductive nature and connection to the ground through the underlying segregated
network. While for the higher features it is immediate, the association to the rGO flakes,
for the other point like features, some higher resolution is necessary to be sure that they

correlate with the smaller depression of the surface.

In fig. 6.4 (E) and fig. 6.4 (F) a smaller area featuring both types of elements was further
analysed with high resolution KPFM for such purpose. The first thing to note is that the
small holes, with an average lateral size of 100 nm or less, don’t seem to be randomly
distributed, following some general lines or appearing to be distributed around some
central areas. This would suggest that they are formed around the area previously
occupied by the spheres before the reduction and the resulting homogenisation of the
whole polymeric structure. In the CPD map, it is immediately apparent that these small
holes are the one either with the stronger signal, suggesting that at the bottom of the

depression the rGO nanoparticles are exposed or immediately underneath the surface.

The distribution of values, and the appearance of high CPD point even in areas not
presenting clearly visible features, suggests that these values are proportional to the
distance from the surface of the rGO clusters with high enough density to generate the
signal, as found in previous studies using other nanomaterials like carbon nanotube in
composite structures [206]. KPFM is a strictly surface-sensitive characterization
technique, which is normally not able to image the effects happening more than few
nanometres under the surface. Nevertheless, considering the established modification of
the polymer by the exothermal reduction of GO, it is possible that some parts of the latex
structure, if close enough to underlying clusters, may have been modified enough to

change their work function.
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As a last consideration, it is interesting to notice how the bigger and visible flakes,
creating the exposed and taller features, appear to have a weaker CPD than the holes, even
though they are closer to the scanning tip. This would suggest two things: either that this
bigger flakes are not completely reduced at the temperature that instead fully reduced the
remaining nanoparticles, or that this bigger flakes are not as well integrated with the rest

of segregated network, posing as a less favourable pathway for the electron movements.

Finally, even though values are consistent and high enough in value to suggest otherwise,
to verify that these values are not just dependent from cross-channel correlation artefacts
during the measuring process, some profile section are represented in fig. 6.5 (A). These
type of artefacts arise when the tip, while scanning on the interleave step on top of the
surface while following the previously measured topography, has to compensate sharp
change in height due to cliffs or taller features to keep the same height difference between
sample and tip. These movements introduce some noise due to the rapid movement itself,
plus an increase in signal due to the effects of the tips feeling not only the CPD of the
point immediately underneath the tip, but also the effect of the lateral tall or deep
structures that the system is compensating for. This is a typical limitation of high
resolution KPFM, which needs a surface as flat and smooth as possible to be properly

operated.

Finally, to have some other confirmation on the possible distribution of the flakes in the
structure, SEM images were obtained for the reduced sample, fig. 6.5 (B) and fig. 6.5 (C).
It is immediately visible how these holes, just few nanometres deep, could not explain
such big difference in the CPD value, particularly considering how the measurement was

operated at a 40 nm height set point, an order of magnitude higher than their scale.
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Figure 5 Line profile of the reduced composite and SEM characterization of the reduced composite. (a)
Line profile of the AFM height data on top and CPD data on the bottom for the same line, proving how the
strong signal shown on the CPD map cannot be justified by cross correlation with the height channel,
which shows just few nm deep holes. In (b) and (c) different magnification of the composite are presented,
showing the flakes distribution in the sample, with smaller flakes homogeneously distributed in the surface
and a bottom layer where most of the bigger flakes are deposited.

Furthermore, this line profile confirms that the higher features present a weaker signal,
probably for the reasons described before. At a very low magnification, the sample
presents itself as clearly formed by two different phases, one homogeneous on top and
another rougher immediately underneath. At a higher magnification, closer to the scale
which has been probed with the KPFM, some larger holes are created in the first layer,
revealing an internal structure formed by a mix of coalesced polymer and the biggest

flakes. This is unavoidable since even at very low voltages the structure appears very
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susceptible to be destroyed, rendering higher magnification and hence energy densities

impossible.

Nonetheless, already at this scale apart from the larger hole it is possible to observe how
the surrounding first layer appears very rough and covered by a somewhat organized
distribution of all the smaller flakes, which as we expected from the KPFM data are close
enough to the surface to become visible at the SEM. The consistency between the
apparent scale of these features on the surface of the sample, coupled with the not random
distribution as seen in the AFM data, suggest that the KPFM data was actually picking

up the electrical effect of the conductive nanoparticles of rGO in the latex structure.
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6.5 Conclusions

Bringing the amazing properties of nanomaterials to real world applications requires
reliable synthesis, processes, storing solutions that keep the as synthesised material
properties for long time, standardized characterization techniques and the possibility of
easily combine the nanomaterials with industrial processes and cheap materials. In this
study, to overcome the limitation arising from the use of pure graphene, GO has been
employed and successfully shown to be easily integrated with cheap polymer latex
materials to obtain stable composites. The use of this technique has become more and
more popular due to its ability to greatly limit the total amount of nanomaterial necessary
to transfer the properties to the whole composite, allowing the creation of a highly

interconnected and organized segregate network.

These composites have also been proved to be highly conductive after a simple thermal
treatment to reduce in situ the GO. Throughout the process, AFM and KPFM
characterization has been employed to gain insight on the properties of the starting GO
and how it is distributed in the reduced composite. While more studies will be necessary
to fully understand how the polymeric structure reacts to the exothermic reduction
reaction, the ending results present a well-integrated conductive material with
homogeneous electrical property all over the composite. As shown by the KPFM
characterization, conductive conglomerate have a very strong signal suggesting a very
good connection to the ground and homogeneous distribution. Future applications
requiring flexible conductive material will find this type of composite extremely helpful,

thanks to how easy they are to produce and their long-time stability.
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Summary and Conclusions

In this work, I have demonstrated three very different applications of the KPFM technique

in the field of the characterization of 2D materials and their composites.

As acknowledged in the first chapter, the KPFM technique is greatly limited in its ability
to accurately obtain absolute work function values or to quantitatively measure the effect
of doping at different interfaces, especially in air conditions, without a proper clean room
and vacuum set-up. Therefore, this technique has found use mainly in the electronics field

and in highly controlled studies led by theory on basic properties of 2D materials.

In this work, | have shown how, accepting these limitations and always coupling this
technique with other characterization tools, it is possible to still use this technique to gain
qualitative information on the analysed substrate even in the absence of clean room
conditions. In chapter 3, | have shown how even for liquid-exfoliated materials, where
edge effect and surrounding environment effects affect the measurement, it is possible to
obtain similar trend to that of other studies in literature analysing the height/CPD
relationship of 2D materials. In chapter 4, | have presented our published work about the
creation of graphene 3D structure by thermal excitation, where my KPFM data has been
a valuable tool from the start to identify this structure and to identify qualitatively how
they are distinguished from other 3D structures like nanobubbles in the same type of
substrate. In chapter 5, following previous published results from our group, | have shown
how KPFM can be a fundamental tool to prove the nature of the electrical contact between
graphene and silver nanowires, which represent a type of hybrid of great interest for
transparent electrode applications like touch screens. Finally, in chapter 6 | have shown

how KPFM can be employed even in the analysis of bulk composites, demonstrating how
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the successful detection of the signal depending from a well-grounded and conductive
sample can be exploited to confirm local surface connection to the segregated conductive
network of reduced graphene oxide in a latex structure after thermal treatment, with the

results submitted for publication.

Furthermore, KPFM can also give a good representation of how the conductive elements
are distributed on and immediately under the surface of the composite. All these
applications span from the most basic and theoretical to the closest to real life
applications. Considering the constant improvement of the algorithms piloting the KPFM
tip, with the results of increased sensitivity and noise removal, coupled with new modules
allowing the capture of increased amount of data in a single pass and at higher
frequencies, the future of this technique is very promising. With the increasing number
of applications using 2D materials, and with the measurement of their work function
being a critical property to understand particularly for electronic applications, KPFM will
be more and more employed as a generic tool for quality control and as a standardization

tool.

The use of KPFM for quantitative, reliable and repeatable characterization of
nanomaterials today requires highly controlled environments to reduce to a minimum
unwanted amount of contaminant and ambient condition affecting the tip-sample
electrical interaction, and further effort will need to be put into fundamental studies to
model these parameters affecting CPD measurements. Still, this works has established
that even with just a general understanding of the main principles governing this
technique, a great amount of useful data for a wide ranging of applications in

environmental conditions can be obtained.
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