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Abstract

In the last three decades, a variety of surface structures of exotic materials have been profoundly
investigated on a nanoscale by atomic force microscopy (AFM) using a tiny cantilever. Therein the force
acting between a sample and an atomically sharpened tip on the cantilever was measured from the bending
of the cantilever. While the bending was kept constant and the tip was scanned over the surface, the surface
topography was depicted apparently. However, it was pointed out that damages of the tip and the sample
surface often took place while scanning in contact of the tip to the sample. Toward no damage observation
with high force sensitivity at an atomic level, frequency modulation (FM)-AFM was invented, in which the
cantilever was oscillated at its resonance frequency (f) and the shift of the frequency (Af) due to the change
of the force was measured precisely and kept constant during scanning. Under this control, the weak force
interactions were successfully measured, leading to depiction of the atom-resolved images. In the FM-AFM,
the tip was able to be brought closer to the surface less than 1 nm in a stable manner. This means that we
can survey the electrical and mechanical properties of the sample through the tip in close proximity to the
sample surface. Based on the FM-AFM, various mechanical and electrical properties of samples have been

unveiled.

Among the atom-level analysis by the FM-AFM, it is noticeable that the conservative and non-
conservative (dissipative) force interactions between the tip and the sample can be separately measured.
Through the non-conservative interactions, mechanical energy stored in the oscillating cantilever dissipates.
One of the dissipative interactions is Joule heat induced by displacement current through the gap between
a sample and the oscillating tip under an electric potential difference; the gap is simply modeled by a
capacitor of two different materials of a tip and a sample. When there are resistive parts in the tip—sample
system, the displacement current makes Joule heat, which decreases the mechanical oscillation energy
stored in the oscillating cantilever. In the present work, the change in energy dissipation is measured by
FM-AFM with a conductive tip for a mica nanosheet with varying thicknesses of nanometers placed on a
conductive substrate. The mica nanosheet acts as an ultra-thin dielectric layer, which changes the
capacitance between the tip and the sample. The characteristics over the conductive substrate is measured
and compared with mica nanosheet varying for thin to thick layers. From the dissipation data that depends

linearly on electrostatic interaction, the resistance generating the Joule heat is estimated.

In the dissertation contents, for the test sample, mica nanosheets are used, which can be regarded
as a 2D single-crystal insulating material. Its minimum thickness is 1 nm. The mica nanosheets have
attracted much interest owing to its high dielectric constant, excess thermal stability, and high resistivity
used for quantum tunneling barriers. Phlogopite, a member of the mica family, is artificially synthesized

with high purity. The perfectly cleavable basal (001) plane of phlogopite is suitable to prepare ultra-thin



nanosheets. Our developed mechanical exfoliation technique using a polyurethane hand roller is used to
exfoliate and affix the nanosheet on the conductive substrate; here an iridium (Ir)-coated Si (Ir/Si) substrate
is used, on which it is found for the nanosheets to be mechanically stable. The dimensions of the mica
nanosheets on the substrate are measured by the FM-AFM, and the usefulness of the hand roller technique
is demonstrated. For the tip, a commercially available platinum—iridium (Pt — Ir) tip on a Si cantilever is

used, resulting in high-reproducible results.

The topographic and energy dissipation images of the sample surface are simultaneously observed,
and the changes in the resonance frequency shift (Af) and dissipation (Dgis) with respect to the sample bias
voltage at our preferred set point are measured over the mica nanosheets, for example, 4-layer (4 nm), 8-
layer (8 nm), 11-layer (11 nm) and 15-layer (15 nm), and no-mica (bare) regions on the Ir/Si substrate.
From the Af — distance curves, the numerically converted attractive forces using Sadar method where stable
scanning was performed at target Af measured with a magnitude of ~1nN over the sample surfaces. From
the dissipation mapping, we observed faint contrast for thicker mica similar in dimension to that of

topographic contrast but almost nothing for the thinner mica sheet.

When we performed the spectroscopic measurement, we observed almost equal dissipation for
bare Ir/Si and thin mica nanosheet (4-layer) measured separately, but higher in dissipation for the thicker
mica sheets (11- and 15-layer) following sharp ordinary parabolic behavior and a tendency to increase with
respect to its thicknesses. By fitting our parabolic curve, we measured the contact potential value (CPD)
for the corresponding surfaces which later been used to extract pure electrostatic (Afee) force interaction.
From the dissipation (D;) and Afee curves which are linear in characteristics for all layers, the surface
resistance for Joule dissipation was measured and summarized as the order in GQ. We explained such a
high resistance value for the metal and thin nanosheet is possibly due to surface charge scattering and
dielectric loss under tip oscillation. The present work possibly paves the way for nanoscale mechanical and
electrical characterization based on measurement of the energy dissipation via non-contact probing in the
FM-AFM.
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Chapter 1:

Introduction:

To draw the crucial information of nanomaterials, surface nanoscale imaging and
characterization is a prerequisite that became available after the invention of atomic force microscopy
(AFM) for both conducting and nonconducting surfaces. In this chapter, we will discuss the historical
overview, classification of AFM, early and recent achievements and developments, purpose of the

study, and finally, the most demanded topics related to AFM.

1.1 Historical Overview:

After the invention of the scanning tunneling microscope (STM) [1] in 1982, immediate
acceleration had been taken place in surface science related to topography showing atom-resolved
images with unique properties at an atomic scale for different materials. As a result, 2-dimensional
(2D) materials and thin films gradually began to reveal their three-dimensional beauty to the visible
world. However, STM is only limited to conductive materials as tunneling current (ly) is the only
signal parameter to keep the tip-sample distance constant. But for device fabrication and biological
cell characterization, a similar type of scanning technique was required that can simultaneously work
both for insulators, semiconductors, and on the biological samples. Upon realization, in 1986 G.
Binning et al. first introduced atomic force microscopy (AFM) [2] capable of being scanning sample
surfaces through raster scanning varying from conductive to insulator materials, alternatively known
as contact or static AFM system. Using this AFM, the same group managed to perform scanning on
graphite samples and thereof lattice images [3]. Depending on the satisfactory results from graphite
and also by introducing frictional force microscopy by Mate et al. [4] speculated that AFM can
measure the atomic periodicity even under ambient conditions. Several groups then imaged various
samples i.e. the lattice image of NaCl (001) in ultra-high vacuum [5], the molecular structure of the
Langmuir-Blodgett (LB) film [6], lattices of DL-leucine crystal, and so on. In the meanwhile, by
adding a lateral-force microscope (LFM) with AFM (AFM/LFM), Fujisawa et. al. [7] showed that

lattice periodicity can be thought of as a two-dimensional phenomenon. All those measurements



established contact AFM (Fig. 1.1a) as an attractive tool to measure topography, roughness, frictional

Images, and atomic periodicity on several sample surfaces.

Although contact AFM primarily succeeded in imaging atomic periodicity for various sample
surfaces in UHV or ambient conditions, it also initially failed to measure surface defects which is a
prerequisite for understanding the surface reconstruction phenomenon. Moreover, an atomic stick-
slip process [4,8] causes additional energy dissipation [9] due to friction between tip and sample.
Besides, high loading force on the cantilever sometimes causes plastic deformation of the crystal

surfaces [10]. Such obstacles accumulated the further development of the AFM system.

Consequently, noncontact (or dynamic) AFM (nc-AFM/d-AFM) has been realized around 1987
[11] where a cantilever along with a sharp monolithic probe ( Fig. 1.1b) is attached at the end, can
oscillate at its resonance frequency (f,) near the sample surface. The interaction forces act between
the tip and sample surface maintains a constant distance using a feedback circuit when the tip scan
across the sample. Hence, nc-AFM became famous due to preserving the tip and sample surface
property for a long time even for rough surfaces, and a great reduction of loading force on the

cantilever.

(@) Piezo (b) Piezo
Actuator

Vibrating
— Cantilever

Cantilever

"Oscillation

Substrate Substrate

Figure 1.1: (a) Contact atomic force microscopy where tip scan across the sample surface under some
loading force applied on the cantilever, (b) vibrating cantilever of an FM-AFM that scans across the

sample surface under tip-sample force interaction phenomenon.



1.2 Early Achievements of nc-AFM:

From the beginning to till now, nc-AFM routinely manifests its excellent performances for
several materials down to nanometer scale. By measuring the unambiguous forces acting between tip
and sample, the problems mentioned before gradually started being resolved for a great reduction of
lateral frictional force, defect or vacancies detection, and minimization of energy dissipation. In 1990,
T.R. Albrecht et al. [12] introduced frequency modulation atomic force microscopy (FM-AFM) a
special mode of nc-AFM that utilizes the resonance frequency shift (Af) of a cantilever for force/force
gradient detection of a tip-sample system. Under this method, a sharp tip can sense the interaction
forces acted in the tip-sample gap, thereby considered as a force sensor. Precise regulation of the
force gradient then can keep the tip-sample distance constant. F. J. Giessibl [13] acquired an
atomically resolved image on Si(111)-(7x7) reconstructed surface using FM-AFM in UHV at room
temperature in 1995. Additionally, he established the idea of the tip apex change (i.e., from multi-tip
to mono-tip conversion) and tip apex contamination during a large scanning area over the sample
surface. Kitamura and Iwatsuki [14] also did similar imaging using the FM-AFM on the same sample,
focusing on the proper adjustment of force gradient for the scanning stability and also anticipated a
sensitive FM demodulator i.e. the so-called phase lock loop (PLL) for the improvement of the image
contrast. Even though they used the same Si(111)-(7x7) reconstructed sample for imaging the surface
with the newly developed FM-AFM, the images were not clear enough to compare with that of STM
images, however, the great achievements were to initiate the atomic imaging with recognizing atomic
defects and some future improvements by mentioning the problems related to at those FM-AFM
experiments. In the same year, an atomically resolved well-contrasted image of InP (110) compound
semiconductor had been published by Ueyama et al. [15] using UHV-FM-AFM at low temperatures.
Within five months, Sugawara et al. [16] imaged the atomic point defects on InP (110) at room
temperature using nc-AFM. They also observed the vacancies movement under tip oscillation

conditions.

In 1997, finally, the true atomic resolution of Si(111)-(7%7) reconstructed surface had been
revealed by Uchihashi et al. [17] and showed a correlation between AFM topographic images and
spectroscopic behavior (i.e. force vs distance curve). Two types of topographic images (Fig. 1.2 (a)
and (b)) appeared which were described by the continuity and discontinuity of force gradient curve

between tip and sample as a function of distance. The corresponding rapidly changes physical



bonding to chemical bonding interactions between tip-sample refer to the discontinuity and a
comparatively brighter topographic image appeared (Fig. 1.2 (b)). On the other hand, continuity
means a weak van der Waals and/or electrostatic force is dominant for imaging showing less contrast
(Fig. 1.2 (a)) than Fig. 1.2(b).

15Hz

466 A

Figure 1.2: Nc-AFM image of Si(111)-(7x7) reconstructed surface (a) without (b) with discontinuity
for a scan area of 9.9 x 9.9 nm?. The average Af was -1.1 Hz for imaging. (c) corresponding line

profile along 7x7 unit cell displayed in (a) and (b). Fig. adopted from [17].

Using a conductive Si cantilever (f = 172 kHz, A = 14.8 nm, Q = 38000) their imaging of Si(111)-
(7x7) surface revealed original atomic rearrangement under UHV condition and at the same time
yielded a clear indication about the ability of FM-AFM and its upcoming bright future where the

surface morphology of materials greatly depends on.

1.3 Present Condition of FM-AFM:

In the last three decades, AFM has already crossed its limit beyond topography and
continuously used to investigate the surface nanoscale properties of various exotic materials.
Accordingly, the electrical and mechanical characteristics (resistance [18], capacitance [19],
tunneling current [20,21], force [22,23], energy dissipation [9,24,25], atomic manipulation [26], etc.)
have been intensively investigated using FM-AFM provided specially resolved topography and

crucial properties that should further take into consideration before fabricating the nanoscale devices.
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Moreover, FM-AFM extends its applicability from UHV to a liquid and ambient conditions which is
a basic requirement for the biological and chemical substrates [27—30]. In this section, we will shortly
summarize the recent advancement, achievement, and unresolved phenomenon of well-developed
FM-AFM.

1.3.1 Atomic Manipulation at Near Contact Region:

The atomic manipulation concept has been introduced to modern nanodevices after the
invention of STM [1]. Through STM, by using sample bias voltage, single adatoms extraction and
deposition could be made shown for Si(111)-(7x7) surfaces. By using electrostatic and chemical
forces along with bias voltages, a specific adatom can be removed, attached with the tip, and again
be redeposited to a specified position accumulated intense engineering for atomic manipulation [31—
33] at room temperature. However, this type of engineering was also required for nonconductive
materials for many device fabrications offered nc-AFM to be utilized. Sugawara et al. [34]
investigated atomic manipulation and artifacts on semiconductive Si(111)-(7x7) surface at low
temperature. They succeeded in vertical adatoms manipulation by applying a sample bias voltage
between conductive tip and sample surface for the first time using the nc-AFM technique. They
analyzed the center and corner adatoms by considering others as artifacts. However, their
experimental analysis also required sample bias voltage which leads to a similar type but a new
experiment done by N. Oyabu et al. [26] in 2003. With a little modification of nc-AFM to near contact
AFM mechanism, several short-range forces become dominant for scanning between tip apex and the
sample surface. These short-range forces can be used for the soft nanoindentation process. N. Oyabu
et al. showed that without using any voltage pulse or sample bias voltage soft nanoindentation process
can lead to atomic manipulation which is completely a mechanical process. They choose Si(111)-
(7x7) sample and observe the atomic manipulation for the center and corner atoms shown in Fig. 1.3.
An adatom removal by using a soft indentation process from the corner and center (Fig 1.3 (b) and
(c)) has been shown on the topographic images resulting in permanent vacancies in those relative
positions. The initial positions are indicated with a circle mark. Such vacancies create meaning that
at least three covalent bonds break to remove one Si adatom. Also, this soft nanoindentation can be

applied to deposit adatom at the created vacancies positions shown in Fig 1.4.



Figure 1.3: Two mechanical single-atom manipulation processes from (b) corner, (c) center. (a)
represents the initial positions of adatoms on Si(111)-(7x7) surface. The scan area corresponds to 6.6
X 6.6 nm2. N-doped Si cantilever used the amplitude A = 66.5 nm and spring constant k = 48 N/m.
Fig. adopted from [26].

Figure 1.4: Soft nanoindentation used for (c) adatoms deposition, (a) marked adatoms that have been

indented to create vacancies in (b). Fig. adopted from [26].

Therefore, nc-AFM shows its ability for atom manipulation process that overcome long-standing
STM problem only for conductive materials. It is expected that near future various dielectric 2D
materials will also be investigated using this mechanical atom manipulation technique revealing

enhanced mechanical engineering with defined structures on materials surfaces at the nanoscale.



1.3.2 Capacitive Force Interaction in Nanoscale Materials:

When an atomically sharp tip, supported by a long cantilever vibrates near the sample surface
using damped harmonic oscillation property [35], the scanning mechanism is controlled by several
complex long and short-range interaction forces, categorized as long-range electrostatic force (Fy;.),
long-range van der Waals force (F,4y/), short-range chemical bonding force (Fponq), Short-range
repulsive force (F.p), short-range adhesive force (F,q4s), etc. Distinguishing between these forces
from one another is a quite complicated task both theoretically and experimentally. Typically, various
analytical and numerical as well as indirect experimental technique (depending on Af-(d) curve) is

used for both detection and distinction between metal/metal or metal/semiconductor tip-sample forces.

Among those methods, a frequent and versatile approach to measuring the electrostatic force (F,;.)
Is to modulate the tip-sample force field by an ac-bias voltage (V,.). It is convenient to follow this
method by assuming the tip-sample system with a parallel plate capacitor where one of the two plates
has been replaced by an axially symmetric tip perpendicular to the sample surface. Then the tip will
experience an electrostatic force under a bias voltage which is proportional to the capacitance gradient
and the relationship can be demonstrated based on capacitor potential energy equation [36] i.e. U =

1/2CV2. Therefore, the force becomes-

du

Fele:_E (1)
10C av
F,, =——V?2 — 2
ele 2(’)rv +CV6r @)

Where C is the capacitance and V is the applied bias voltage. By considering only the vertical (z-axis)

force contribution equation becomes-

10C
Fele :EEVZ (3)

Under a bias voltage, this separation-dependent capacitance is always present in the tip-sample

circuitry system and can affect the forces considered as capacitive coupling forces [19]. Two



dedicated spectroscopic force fields have been developed depending on this force known as
electrostatic force microscopy (EFM) and Kelvin probe force microscopy (KPFM) [37], respectively.
Now, let's consider that a modulation ac-bias at a frequency w,. with a dc offset [V;. +

V¢ sin(w,-t)] has been applied to the tip-sample system. Therefore, the above equation becomes —

10C

ele — EE [Vdc + Vac Sin(wact) - VCPD]Z (4)

Where V.pp corresponds to the contact potential difference (CPD) between tip and sample. This

CPD is directly related to the work function of the tip and sample and can be written as —

(Z)sample - ¢tip (5)
e

Veprp =

By solving the equation (4), we can get the force components [37] —

ac |1 5 V2. \
Fac = 9z E(Vdc — Vepp) +T
oC _
Foge = N (Vac = Vepp)Vacsin(wg,t) (a, b, )
2
szac = _E%COS(Zwact) )

Here, F,;. represents a dc force contribution influencing the topography, F,, is the modulation bias

ac

to measure the CPD and F,,, _is used for capacitance microscopy i.e., Fpe = Fyc + F,

Wac

+ Fou g,
Besides, capacitive force interaction between a metallic tip and sample with analytical description
can be found in S. Hudlet et al [38]. Their proposed model allows us not only to measure the force
determination, but also to discuss the contribution of tip apex, truncated conic-contribution, and tip-
sample distance. According to their model, the force between a metallic tip and metallic surface is

given by the following equation —



R? )
F, = gy lm |4 (6)

where R is the tip radius and z is the tip-sample distance. Surprisingly, their proposed model and the
exact one put good agreement shown in figure 1.5 (a) and (b) with a maximum error of 5% depending
on the tip-sample distances.

(@) (b)

F(2neo V?/2) F (2neo V2/2)
1 107
“ i —— | exact
0.8+ jz_ approximate
0.6 — | exact 10!
— = | approximate 1072

0.‘F ]DJ
0.2 10

= 10

M i ~——— Zz(nm) el N z(nm)

0 20 4ro 60 g‘o 100 WA U S 1 S T S [ S [ Sl [

Figure 1.5: Variation of force with distances for exact and approximate model (a) 0 < z < 100 nm
and (b) 10°m < z < 10*m. Data taken from [38].

However, for metallic tip and semiconductor sample, we have taken into consideration of space
charge layer (SCL) for the semiconductor surface. In the case of semiconductor surface, the force can
be written as [39] —

_9s Gl

F, = V;chin((‘)act) (7)



where Q, are the charges on the semiconductor surface, C; and C, are the capacitances due to the air
gap and SCL, and g, is the dielectric constant. Also, for this case variation of force is not as simple
as that of metal/metal case. Therefore, the capacitance which depends on the applied bias polarity can
be considered as passive and non-passive capacitance [39]. By using this capacitive model, T. Arai

et. al. [18] showed a relationship between Af and energy dissipation.

Recently, Umeda et al. [40] used the apex and conical contribution of the tip towards
capacitance derived by Hudlet et al. [38] and also calculate the additional cantilever contribution to
find the total capacitive contribution inside a liquid media. Their results showed that under low
modulation frequency the cantilever deflection is mostly dominated by the surface stress whereas

under high-frequency modulation electrostatic force is dominant inside polar liquid media.

Electrostatic interaction between a conductive tip and a dielectric slab has been investigated
analytically and numerically by Ali Sadeghi et al. [41] and also corrected Huldet’s model for the case
of a moderate tip-sample separation. Working with a dielectric sample affixed on a conductive coated
layer normal (back electrode) to the tip (front electrode) is much more complicated due to the partial
penetration of the electric field inside the dielectric sample (Fig. 1.6a). As there is no direct solution
to this problem, we use the image charge method for a sphere and a plane and their combined effect

to solve this conductive sphere-dielectric (Fig 1.6b and c) problem.

. ) ZA
Zn+ P_
hlh «Zn 4+
- e g 1 T
e LT L £ oM =
{ ‘,‘ , wl‘ ‘.‘ \ % % o
Cm o Pl | b 2h
Ll -In.i—_—"m=1

Figure 1.6: (a) Macroscopic and microscopic view of AFM tip pointed perpendicular to a dielectric
sample [42]; (b) 2-dimensional representation of conductive spherical tip with radius R, separate by

a distance s from a dielectric sample having relative permittivity € and &,. The relative width of the

10



slab is h. (c) relative image charges due to a point charge at z,, along the vertical axis [41]. The images

are collected from referred papers.

When a sphere is placed perpendicular to a dielectric sample (Fig 1.6b), placing a charge q; =
4me RV at z; = R + s (where R is the tip radius and s is the separation distance between tip and
sample) will make the sphere surface equipotential at V. Due to this an image —fq, at —z; will
appear inside the dielectric, eventually, modify the potential of the sphere surface. Therefore, a second
charge q, = Bq,R/2z, will appear at z, = z; — R?/2z, to make the sphere surface potential back
to V results in the second image inside the dielectric and this chain process will be continued until
s—0. Approximate compact expressions depend on charges inside the sphere and its image inside the

dielectric slab. If the point charges inside the sphere are —

BanR
= 4mwe RV =
q1 TT€g An+1 7 + 7,
(8)
RZ
zZ1=R+s Zn+1:Zl_Zl+Zn

Then the images {—£q,, —z,} will be created inside the dielectric to satisfy the boundary condition.

The second-order homogenous difference equation of (8) is there —

1 <2cosha) ( 1 ) ( 1 ) 1 B B 1+ 5/R
— = —|= where cosha = S
qn [)) Qn—l ﬁz CIn—z

The solution of this equation can be expressed as a linear combination of exp(+na) as —

n—-1

= g, sinh a X —
In = 0 sinh na

©)

Z, = Rsinha X cothna

Using these solutions an approximate capacitance term can be found by taking into consideration of

the corresponding correction term for tip truncation. i.e.

11



p/(1 —ﬁe_“)>

CO — Copp = R (
sph T€o cosh a

(10)

C® -y, = 2neoR< b G/a- ﬁe_a)>

cosha 4cosh? a — 1

Finally, adding a missing constant term (Cspp,) they showed that Hudlet’s approximation is

remarkably true for a moderate tip-sample separation put the corrected capacitance term as follows —
R
C — Cspn, = 2meoRIN (1 + ;) (11)

Here, equation (11) corresponds to the exact solution for a metallic tip-sample system whereas

equation (10) is useful for theoretical modeling on insulating samples.

1.3.3 Contact Potential Difference (CPD):

In FM-AFM contact potential difference (CPD) between a conductive probe and sample is a
characteristic parameter through which long-range electrostatic and van der Waals forces can be
separated. As mentioned before CPD is related to the work function of tip (@.;,) and sample
(Dsampie) €an be written as Vepp = (Bsampie T Drip). The * sign represents whether the bias is
applied to the tip or the sample. By monitoring the capacitive electrostatic force (F,;,) modulated by
an ac-bias having frequency (wg,.) concurrently with a dc bias to compensate that F,;., we can
measure the CPD. It is a convenient way to separate the electrostatic force from van der Waals forces
when the tip-sample interacts with each other through complex force interactions (F.s). A more
detailed way to realize the CPD is to analyze the Fermi level of two different materials. Under close
separation (s < R), an electrical force is generated due to the difference in their corresponding Fermi

levels shown in Fig. 1.7.
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Figure 1.7: Energy level comparison (a) no interaction, no electrical connection; (b) tip-sample is in
electrical contact; (c) dc bias compensated nullified close tip-sample separation. Fig. concepts taken
from [37].

From Fig. 1.7(a), a difference in Fermi level has appeared due to the separation between tip and
sample as well as no electrical back connection. However, when the tip and sample will be close
enough where interaction may happen or the near-contact region where tunneling may appear, Fermi
levels will be lined up at the steady-state. Under this situation by connecting the electrode using a
wire, the Fermi level will be aligned with each other through electron flow shown in Fig. 1.7(b). Upon
leveling the Fermi level, tip and sample surface will be charged, and an apparent V.pp, will form by
letting a detuning at the vacuum level introducing V.pp. Now if we apply a dc-bias voltage (V;.)
with the same magnitude as V.pp has, then this apparent V.p, will be nullified, and the remaining
interaction will be long-range van der Waals interaction (Fig. 1.7¢). This technique is very famous
and measured almost for all FM-AFM measurements and a principle key factor for KPFM. In high-
resolution KPFM, local CPD or (L-CPD) has been mapped by utilizing the short-range interaction

phenomenon.

Under FM-AFM measurements, the most convenient way to measure the CPD is to take the Af-bias
curve which is originally an FM-AFM spectroscopic measurement. A nice parabolic behavior
appeared depending on the separation between tip and sample as satisfied Eq. 4a. M. Guggisberg et
al. [43] measured the separation-dependent interactions and discussed the long-range electrostatic,
van der Waals, and also short-range chemical interactions. Through their work, they presented a

systematic way to separate the complex force interaction between tip and sample. Similarly, T. Arai
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et al. [18] also measured Af — sample bias simultaneously with the dissipation vs bias curve. Their
results are shown in Fig. 1.8. From the maxima of this parabolic curve, we can get an idea of Vcpp of

the specified position where the tip oscillated.
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Figure 1.8: (a) Af — sample bias curve for several distances keep a fixed CPD as V;pp, = —0.78 V
for a clean Cu (111) sample and Si cantilever; (b) similar type of CPD measurement using
with/without H terminated Si tip. The measured CPD has changed from —0.37 V to —0.05 V after H-
termination. Fig. are adopted from [43] and [18].

14



However, to map the CPD we need KPFM measurement. Recently, Goryl et al. studied gold (Au)
nanoparticles and mapped the topography and CPD simultaneously [44,45]. They grow Au on InSb
(001) surface at 400K. Their results showed that the work function of grown Au was independent of
the size of the Au nanostructure.
Surface potential differences between
terrace and edges of UHV-cleaved
semiconductor, alkali halides, and
insulating materials have been
mapped indicated very good results
related to charged defects that were
absent at their corresponding
topography [46-48]. UHV-cleaved
KCI has been studied briefly shown in
Fig. 1.9 (a) and (b) [49]. A proper
distinction in the potential image
shows 0.7 eV larger work function
over the rest of the surface terrace,

considered as defects.

Figure 1.9: Simultaneous topography

(@), (c), (e), and CPD mapping (b), (d), (f) of UHV-cleaved KCI with deposited Au at different layer
thickness. (a) and (d) for clean KCI (001); (c) and (d) for 0.04 ML Au-deposition at room temperature;
(e) and (f) for 1.44 ML Au-deposition at 200 °C. Images taken from [49].

Fig. 1.9 (c) and 1.9 (d) represent the data for 0.04 ML Au deposition on KCI at room temperature and
1.9 (e), 1.9 (f) is for Au deposition at 200 °C. The homogeneous distribution of Au nanostructures
over the terraces creates one-dimensional nanostructure growth. One significant result is that some

of the Au nanostructures have a high work function than the others probably due to the charge transfer
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phenomenon between defects to Au nanostructures. Therefore, KPFM CPD measurement can play

an important role in nanomaterials characterization for future nanodevices.

1.4 Purpose of the Study:

The purpose of this present study lies in the characterization of the nanoscale mechanical and
electronic properties, such as resonance frequency shift (Af) of an oscillating cantilever due to
complex long- and short-range attractive tip-sample force interactions; routinely appear energy
dissipation in non-contact for mechanical damping of the lever as well as the local surface electronic
properties (resistance, capacitance) acts crucially between a nanotip and a substrate film in an FM-
AFM system. Even though mechanical energy dissipation has been widely studied, it is neither fully
understood nor fundamentally resolved demanding additional study on energy dissipation by
considering the above-mentioned dynamic properties. Through our research work, we investigate the
energy dissipation especially due to Joule heat and the associated resistance and capacitance
functioning just underneath the oscillating probe under a sample bias voltage for a metallic tip and a
metallic substrate partially covered with a dielectric flat nanosheet. With the presence of well-defined
long-range electrostatic or van der Waals (vdW) interactions under biasing condition, the
comprehensive Af-bias curve along with simultaneous dissipation—bias curve acquired from
spectroscopic window convey numerous nanoscale complicated information including energy
dissipation that may vary for different materials owing to its local electronic surface properties.
Therefore, to compare the differences in energy dissipation over an insulative material with respect
to a conductive material, we mechanically exfoliate mica nanosheet varying from thin to thick layers
and paste it on iridium (Ir)-coated n type-Si(111) substrate (Ir/Si); finally, we use a sharp conductive
nanotip to complete the experimental frame for characterization. We discuss the energy dissipation
experimentally for two different samples and thereof the origin of surface resistance with the help of
surface charge scattering and dielectric energy loss of materials by providing a tip—sample model
diagram. This is of great help to simplify the involved nanoscale phenomenon between the tip and

the sample for our understanding of the properties and extending their applications.
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1.5 Two-Dimensional (2D) Materials:

To fabricate future nanoscale electronic devices with distinctive functions, researchers are still
searching for unique and most promising two-dimensional (2D) materials that can open a new arena
for novel devices. The breakthrough happened after the invention of 2D graphene with a few atomic
layers from a bulk graphite [50] which revealed non-identical characteristics than that of the bulk
crystal. Therefore, materials that can run under some planar physical limits where remarkable
electronic and mechanical properties being highlighted are defined as 2D materials. From the
definition and concerning carrier concentration, it is clear that charge carriers are free to move in the
X =Y plane by keeping restrictions along with its thickness. Through their unique and novel
characteristics, 2D materials are still dominant over one-dimensional (1D) nanowires, zero-
dimensional (OD) quantum dots (QD), and that of bulk 3D networks. Besides, active response to
external stimuli, mechanical flexibility, optical transparency, etc. is noticeable features of 2D
materials for electronic and optoelectronic devices. Since the continuous investigation of graphene
provided unconventional features (such as large surface area [51], high Young’s modulus [52],
transparency [53], high thermal conductivity [54], ultra-high carrier concentration [50], Dirac cone
structure [55], etc.) several 2D materials came into focus including insulators, semiconductors, and
metals. Besides graphene, polymers, fibrous materials, ultra-thin glass plates, and metallic foils have
also been investigated in the last decade. Among them, another briefly explored field is transition-
metal dichalcogenides (TDMs) containing various 2D materials; MoS2, MoSe,, WSe;, TiS, etc.
[56,57], hexagonal boron nitride (hBN) [58], metal oxides, and so on. In Fig. 1.10, a concise summary
has been presented for 2D materials. Several exfoliation procedures including mechanical cleaving
for layered materials [21,59,60], liquid-phase exfoliation [61], as well as chemical growth procedures,
assure the availability of those 2D materials. In Fig. 1.11, mechanically exfoliated (Scotch Tape
method) MoS; varying from single to multilayer is shown which had been used field-effect transistor
(FET) [60].

17



Electrochemistry
Flow of

Figure 1.10: Schematic summary for 2D materials invented recently for future nanodevices. Image
adapted from [62].

Figure 1.11: Mechanically exfoliated MoS; on Si/SiO2 substrate. Optical image of (a) 1-layer, (b) 2-
layer, (c) 3-layer, (d) 4-layer MoS>; (e-h) are the corresponding AFM images. Images taken from
[60].
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However, a new 2D platform that has been already taken the attention of many material scientists,
thereof novelty, reliability, and precise outcomes as a result of tuned measurements is known as
Micatronics [63]. The crystal structure of mica was revealed in the 1920s and was considered as
layered 2D materials among phyllosilicates [64]. The unit cell representation of mica can be defined
as X2YnZsO20(OH, F)s where X stands for cations (K*, Na*, Ca2?*), Y for octahedrally coordinated
elements (AI**, Mg?*, Fe?*, Li*, etc.), and Z for tetrahedrally coordinated elements (Si**, AI** and so
on) [63]. Depending on the value of the base parameter n; mica can be classified as muscovite (n =
4, dioctahedral) and phlogopite, biotite, zinnwaldite, etc. (n = 6, trioctahedral). Widely used 2D
nanosheet of mica is commonly termed muscovite [KAIx(SisAl)O10(OH)2], biotite [K(Mg,
Fe)3(AlSizO10)(F, OH)2], and phlogopite[ KMgs(AlSizO10)(OH)2]. As we already mentioned mica
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Figure 1.12: Crystal structure of phlogopite mica (a) 3D bulk view; (b) 3D 1-layer (1nm) nanosheet
showing the only disturbed equally distributed K* layer after cleavage; (c) side view of the sandwich
layer, (Si, A)+0./(MgO)+F/(Si, Al)+0,; (d) top view (001) plane after exfoliation. Mica-3D representation

has been performed by Author.
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is a layered material, therefore, one layer (~1 nm) of mica nanosheet consists of two tetrahedra (T)

sheets on either side of an octahedral (O) sheet through making a sandwich layer. In Fig. 1.12 (a) and

(b), a three-dimensional representation of bulk and 1-layer has been represented. The interlayer K* is

indicated as green color which is used to make a bond between two T-O-T layers. Figure 1.12 (d)

shows the basal (001) cleaved plane of the phlogopite mica surface with a hexagonal array pattern of

SiO4 atoms. Cleaving along this basal plane or simply by breaking the vdW allow us to make large

flat nanosheet of mica as a 2D materials with an equal number of K* ion on both sides. Besides the

following characteristics also make mica a potential independent field.

i)

i)

Vi)

vii)

2D structure: Owing to its strong intra-layer and weak interlayer interaction, exfoliation

can be possible that make mica a promising 2D material.

Transparency: Ultra-high transparency under ultraviolet-visible range exists for mica up

to ~100um, an important feature to make optoelectronic devices.

Elasticity: Due to high Young’s modulus (Y ~ 200 Gpa) mica is good to use as a dielectric
material in highly demanding mechanical applications [65].

Flexibility: As reported the bending radius of ~100 nm thick is 0.03 cm, mica still
preserves its 2D properties under bending conditions [66].

Chemically inert: The chemical inertness of mica is due to the absence of the dangling
bond on the surface of the nanosheet. Besides, the nontoxic behavior is useful for

biological nano-instrumentation.

Thermally conductive: Flexible device can accelerate heat energy dissipation on mica

surface.
Electrical insulator: Recent use of mica as a substrate as well as a gate dielectric [66] in

flexible devices make mica an electrical insulator. Besides, thin layer-by-layer

conductivity has been reported by M.R. Islam et. al [21].
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viii)  Thermal resistivity: The melting point of mica is varying from 1150 K — 1300 K [67]

which models mica as high thermal resistive 2D material for nanodevices.

iX) Availability: Mica is inexpensive and abundant in the earth's crust. Therefore, it is

demandable at a low cost and friendly to the environment.

X) Large atomic flat surface: Using mechanical exfoliation, it is possible to prepare an
anatomically large flat terrace of mica [21], suitable to investigate under AFM, STM, or
TEM.

Xi) Non-magnetic: Earth crust mica typically shows non-magnetic behavior where a very

weak anisotropic ferromagnetism is possible by doping through Fe.

xii)  Biocompatibility and light-weight: Mica has a great influence on biological application
[68] (artificial skin, muscles, prosthetic limbs, soft and humanoid robots, smart and

electrical clothing, etc.).

Therefore, all those above properties conclude phlogopite mica a distinctive 2D material comparable
to the other 2D materials introduced initially in this paragraph as well as in figure 10. Although it is
extremely hard to exfoliate a thin layer (~10 nm) to ultra-thin (~1 nm) by using any hand-made
mechanical exfoliation technique, featured characteristics that have already been confirmed, and

discussed above reveal the successful platform of Micatronics.

1.6 Nanoscale Energy Dissipation:

Macroscopic or atomic scale dissipation is an interesting phenomenon associated with the
modern AFM system. While the conventional frictional stick-slip process is well-characterized as
energy dissipation for contact AFM system [4,8], dissipation related to FM-AFM method neither
fully understood nor identical is one of the newest featured topics related to the nc-AFM at present.
In the contact AFM system, due to the development of a lateral force between the AFM tip and surface
atoms during scanning, the tip sticks to the atomic sites and then slips to the relaxed position by
spreading out energy spontaneously which is revealed as dissipation. A lateral force with a magnitude

of 0.5 nN had been reported for alkali halide by E. Gnecco et al. [69]. Similar to the contact AFM
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method, dissipation is also present in the newly developed FM-AFM technique which can be inferred
from the spectroscopic analysis i.e., the excitation signal—distance curve with the Af-distance curve
simultaneously with dissipation mapping at a nearest tip-sample separation [9,24]. By analyzing the
amount of energy needed to keep the vibrating amplitude constant of an FM-AFM cantilever, one
can easily get information about the external atomic or macroscopic dissipation [13,15,18,70,71].
Note that, commercially available high-frequency monolithic force sensors allow us to neglect the
intrinsic dissipation of the cantilever. However, FM-AFM dissipation has been classified into many
categories such as adhesion hysteresis, Brownian particle dissipation mechanism, velocity-dependent
dissipation, Joule heat energy dissipation, dissipation due to lattice vibration, and atomic instabilities,
etc. [72]. Among those dissipations, Joule heat and adhesion type hysteresis dissipation is well
understood and experimentally verified. Therefore, we will try to focus on nanoscale energy

dissipation which may fall into those two categories.

1.6.1 Adhesion Hysteresis Dissipation:

One of the well-explained dissipation mechanisms related to dynamic AFM systems is the
adhesion hysteresis dissipation which can be utilized from the conventional force-distance curve
using AFM spectroscopic window [73-75]. The F,, — distance curve shows two different
characteristics path (Fig. 1.13) followed by the tip similar but not exactly matched with each other,
is typically called adhesion hysteresis dissipation. According to Yoshizawa et al. [75], three special
conditions should be considered to explain the mechanism consistent with experimental results. At
first, the deformation time (zj) has to be approximately equal to the tip motion time (7). Depending

on the magnitude of this timescale, three possible cases exists i.e. —
» Tp > 177 meaning that a solid-like tip-sample system; able to provide small hysteresis.
» Tp = T meaning that hysteresis is dominant.

» 1p < 77 meaning that a liquid-like tip-sample system; able to provide small hysteresis.
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The second condition is related to the scanning stability i.e. the tip and sample surface should have
the ability and proper time to go back to their original configuration after each oscillation cycle. The

third condition is that the deformation would be local which will covey the atomic information.

Force

———— Approach

\ —— Retract

>

distance

Figure 1.13: Schematic of adhesion hysteresis. The approach and retract force curve followed two

different paths showing adhesion hysteresis dissipation mechanism.

If the tip-sample interaction is large enough or the distances even closer where real atomic
contact between tip and sample may possible and if the sample surfaces consist of many atoms, the
actual real adhesion hysteresis dissipation takes place shown in Fig. 1.13. However, such dissipation
is known as macroscopic dissipation and does not reflect any atomic-scale phenomenon. But for a
finite separation distance between tip and sample, reduced deformation of the tip allows us to measure
force interaction only for the front atom of the tip and very few atoms on the sample side. This event
results in dissipation in atomic-scale and provides nanoscale dissipation information. To visualize the
dissipation phenomenon, we can consider the surface potential energy (E) between tip and sample
as a function of atomic positions (q) for a finite set of tip positions (S) [72]. If two local minima (A
and B) exist in g and E then by considering the barrier heights (A,_z and Ag_,4) We can summarize
dissipation as follows (Fig. 14 a and b): In Fig. 1.14 (a), the barrier A,_ 5 is reducing with the
decreasing distances between tip and sample and at the closest contact the atom can slide to second
potential minima B from A. The energy will be lost as a phonon. Upon retraction, the barrier B is

higher than A and the atom cannot return to its original position. Therefore, in this dissipation process,
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some structural irreversible changes happen during scanning. This phenomenon is also mentioned by
C. Loppacher et al. [71]. However, for the second mechanism shown in Fig. 1.14 (b), barrier Ag_, 4 at
some distant distance becomes smaller than A allowing atom to come back or slide to its original
state. In this case, some changes occur but the tip can regain its original structure without disturbing

the tip-sample structure meaning that the process is reversible.

(a) (b)

E4  Approach T S E4  Approach S
1 Retraction Sl 1 Retraction S,

2

S3

Ss3
Sa
Ss

Figure 1.14: For tip positions defined by S1, Sz, Ss3, Ss, and Ss the approach and retract curve variation
of surface potential energy E(q) (a) structurally irreversible (b) reversible process. A and B are the

two local minima concerning gin the energy. Image concept taken from [72].

1.6.2 Joule Heat Energy Dissipation:

After the invention of the FM-AFM technique [12], it is proven that the conservative and
nonconservative interaction between tip and sample can be measured simultaneously [9,24,70]. By
using a phase lock loop amplifier (PLL) which maintain 90°-phase difference between the excitation
force (F,,.) and vibration force (F;), resonance of the cantilever being assured. Any change in the
resonance frequency due to F;s from a preset value will be considered as a detuning (Af)of the
cantilever. To keep the vibration amplitude constant of the detuned cantilever, the excitation force

(Fzxc) Will be increased or decreased through which dissipation can be imaged. The first electric field
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mediated energy dissipation was investigated by Denk and Pohl [76]. They showed that under a bias
voltage and depending on the local conductivity of the surface elements the tip-sample interaction
may create energy dissipation. Under a sample/tip bias, the displacement current can be induced by
an oscillating lever, try to pass through the tip—sample resistive region cause Joule heat energy
dissipation. It became possible due to high Q and low intrinsic dissipation of a cantilever inside an
ultra-high vacuum. They also indicated that the amount of dissipation can be extracted by monitoring
the mechanical Q of the cantilever. After that many research has been done related to Joule dissipation
showing the dependency on the passive components (resistance, capacitance), dopant concentration,
carrier mobility, etc [18,77,78]. Using electrical dissipation event, T. D. Stowe et al. first mapped the
dopant concentration on the Si surface [77], where using their customized tip-sample model (slightly
different from ordinary nc-AFM), they concluded an elementary relationship between the electrical
damping with dopant concentration as well as carrier mobility. Their test system consists of a p/p*
Si-grating with a boron implant concentration of 10'° cm and a single-crystal Si cantilever. A distinct
contrast for the p-doped side appeared at the dissipation image shown in Fig. 1.15 (a). From the
distance- and voltage-dependent dissipation curve (Fig. 1.15b), damping on the order of 0.2 pN-s/m
was obtained at a tip-sample separation distance of 150 nm, followed by a V;? behavior up to a voltage
of +4 V.
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Figure 1.15: (a) Dissipation mapping on a p/p* Si grating with a tip-sample distance of ~10 nm and
a sample bias voltage of V;, = 0.7 V. The vibrational amplitude used for imaging was A ~20 nm. (b)
Damping vs distance curve shows an increment in dissipation of ~ 0.2 pN s/m at a distance of 150
nm; followed by a conventional parabolic behavior under biasing condition (inset). Fig. adapted from
[77].

On the other hand, a proportional relationship between cantilever dissipation and resonance
frequency shift Af has been examined by T. Arai et al. recently on p-Si (111) surface with the help of
clean Si and hydrogen (H)-terminated Si tip [18]. Their result shows that, after terminating clean Si
tip with atomic H, the increased resistivity due to H-termination added extra dissipation than that of
clean Si-tip under closest separation between tip and sample shown in Fig. 1.16 (a) and (b). Besides,
a proportional relationship is also found from their Af—, and dissipation—distance curve. Their
calculated resistance for the clean Si tip and H-terminated tip is 1.3 GQ and 12 GQ, respectively,
which is responsible for Joule dissipation. The total Af has been divided into Af,;. and Af,qw
corresponds to long-range electrostatic and van der Waals (vdW) force contribution. The Af,qy, has
been calculated after compensating the electrostatic potential using CPD voltage for the Si surface
under a fixed bias voltage. Finally, Af,,su has been subtracted from Af to get the Af,;.. Although
similar behavior is reflected for all Af, Afze, Af,aw VS distance curve (Fig. 1.16) resulted in same
tip radius, the only difference appeared in V.pp due to H-termination. In summary, the Joule

dissipation was dominant for the tip and sample surface resistance and that of H-termination.
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Figure 1.16: Plots of Af — distance and Dissipation — distance curve; (a) clean Si tip and (b) H-
terminated Si tip. The essential parameter's value used for spectroscopic data acquisition are: V; =
—1.56V, fy = 254.2 kHz, k = 21 N/m, and A = 31.5 nm. Data taken from [18].

1.7 Concluding Remarks:

The breakthrough in the scanning probe microscopy (SPM) field happened after the invention
of FM-AFM to measure the surface properties in the field of materials science, polymer science as
well as molecular biology. The last three decades are considered not only the development area of
the FM-AFM system, but various experimental results have also revealed the successful application
of FM-AFM. Beyond imaging, surface electrical and mechanical characteristics are measured
continuously for 2D thin film, 1D nanowire, or 0D quantum dots. Tunneling current, energy
dissipation, and surface potential mapping become available which added extra features for future
nanotechnology. Through this chapter, we have studied the revolution of AFM and FM-AFM, the
previous and the most recent development by analyzing some published articles. Our concentration
was lied down on 2D materials characterized by FM-AFM, the capacitance between tip and sample,
contact potential difference (CPD) due to electrostatic interaction, and atomic manipulation technique
as those are the most recent hot topics related to FM-AFM as well as the terms related to our present
work. We put some simplified discussion through which we can understand those phenomena and

relative issues for a further talk in the future.

1.8 Remaining Chapter Summary:

Through this thesis work, we will try to characterize the nano electrical properties of a 2D
material, for example, force interactions and energy dissipation that acts between the tiny separation
of a tip and a sample of an FM-AFM system. We will use artificially synthesized phlogopite mica as
a 2D film which is affixed on Ir coated n-type Si (111) substrate mechanically as our main sample
and a Pt-Ir coated force sensor. As a motivation of our work, chapter 1 has provided sufficient
historical background, most highlighted topics able to perform through FM-AFM, and the future
unsettled phenomenon. Based on our understandings from previous literature, our whole

experimental works and results will be divided into the following chapters:
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Chapter 2: Background and Principle of AFM: In this chapter, the main instrumentation of AFM
including contact AFM, intermittent contact AFM, and noncontact AFM have been described. Even
though the main work has entirely been performed based on frequency modulation technique (FM-
AFM), a special type of non-contact AFM, other methods were studied for the purpose of
understanding the facts and figures of AFM which may create new ideas for future experiments.
Additionally, some minor instruments that were used for sample preparation also be discussed shortly.

Chapter 3: Experimental Methods for Sample Preparation and Evaluation: In this chapter, the
newly developed mechanical exfoliation technique to prepare a large 2D mica flat sample has been
described comprehensively. The typical microscopy images of the exfoliated nanosheet along with
the scanned atomic structure of the mica surface, elemental analysis, and carbon (C) contamination

have also been discussed.

Chapter 4: Evaluation of Mechanical Energy Dissipation Using Frequency Modulation Atomic
Force Microscopy: In this chapter, our currently performed experimental work related to mechanical
energy dissipation due to long-range attractive electrostatic interactions under a fixed bias voltage as
well as the corresponding surface resistances acting between the metallic tip and metallic sample
partly covered with varying dielectric materials using FM-AFM methods have been presented and

discussed.

Chapter 5: Summarization and Future Prospects: In this chapter, the whole work has been

summarized, and possible future insights are described.
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Summarization of SPM

Scanning Probe Microscope (SPM) - Early 80’s

l |
1 1982 1986 1

Scanning Tunneling Microscope Atomic Force Microscope (AFM)
(STM) (Only for conducting (work on polymer or non-
surface) conducting surface)

Contact Mode or Intermittent Contact Mode Non-contact AFM
CSM or Tapping or AM-AFM or FM-AFM

Constant Amplitude Mode Constant Excitation Mode Kelvin Probe Force
Microscopy (KPFM)

Or CA FM-AFM Or CE FM-AFM
1. Additional Lock-in

amplifier

2. Additional feedback
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Chapter 2:

Background and Principle of AFM

The invention of AFM [1] (with the integration of STM and stylus profilometer (SP)) widened
the field of interest from conductor to insulator. The first idea was inaugurated by observing the
complex and significant interaction forces that have taken place simultaneously with the tunneling
current in an STM experiment [2]. Therefore, based on these interaction forces between a sharp tip
and sample, AFM can resemblance the three-dimensional mapping of the surfaces of different
materials. AFM can work on several modes typically termed as contact/static AFM and non-
contact/dynamic AFM. Unlike STM, in the tunneling region, the potential energy between tip and
sample depending on the modes of operation causes a vertical force (F; = —dV,/0z) as well as a
force gradient (k,; = —dF;5/0z) considered as the prime signal parameter for imaging on the sample
surfaces [3]. The force/force gradient is reflected as a cantilever deflection measured by the detector.
In this chapter, we will introduce our AFM apparatus, shortly discuss contact AFM followed by a

brief discussion focused on non-contact AFM (nc-AFM).

2.1 Instrumentation with Fundamental Contact AFM Mode:

In the contact mode operation, we engage the sample stage (with various samples) slowly
towards the tip until the repulsion between tip and sample becomes dominant. Under a defined
repulsive force interaction when the detector reads the deflection of the cantilever at zero (0V)
concerning the initial setpoint (typically —0.25 V) the approaching will be stopped immediately. In
this operation, the forces are converted to cantilever deflection i.e. qq.r = Fs/k. This present
research project has been run through an AFM system modeled as 5500 AFM/SPM, Agilent
Technologies, Inc. provided by Santa Clara, CA, USA. The experiment was conducted in the air with
a controlled environmental chamber at room temperature. The apparatus that came along with this
AFM setup has been displayed in Fig. 2.1. The AFM consists of PicoScan™ 2500 controller (Fig.
2.1a), several specialized magnetic AMF stages with a controlled environmental glass chamber (Fig.
2.1b), a video imaging camera, and the isolation shield (Fig. 2.1c). Using this contact AFM system,
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we can measure the topography, amplitude, friction, and current images simultaneously with the

PicoScan 5.3.2 software pre-installed in a dedicated computer (Fig. 1a).

Figure 2.1: PicoPlus SPM original apparatus of 5500 AFM/SPM consists of (a) PicoScan™ 2500
controller, dedicated computer with pre-installed software; (b) controlled environmental glass
chamber; (d) video imaging camera with isolation chamber; (d) AFM scanner with different types of

noses.

A schematic diagram of contact AFM has been represented in Fig. 2.2. The working principle
is as follows; A cantilever (spring constant typically, k = 0.01-5 N/m and resonance frequency at
least fo = 2 kHz) having a sharp tip at its end scan across the sample surface [4]. Due to the surface
roughness, the laser reflected from the backside of the cantilever is deflected from the setpoint which
is monitored by a phase-sensitive photodiode (PSPD). Hence, the imaging can be done through the
raster scanning between tip and sample. Although the contact AFM was initially considered a perfect

imaging tool for insulators or other types of substrate materials, soon it also confined to hard materials
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due to the two-dimensional stick-slip process and the relative energy dissipation event. The high
loading force on the cantilever may damage the biological sample (for example living cell, DNA,
etc.) and soft polymers. For those necessities as well as to resolve the high loading force and large
energy dissipation phenomenon, a dynamic AFM system has been developed for imaging and sample

characterization.

Detector Laser
source

Data processing unit

Ar-gas filled chamber

Ar-gas AC mode Laser Box
tank controller

Microscope
controller

Figure 2.2: A schematic diagram of AFM (5500 AFM/SPM, Agilent Technologies) operated in

contact AFM mode. An AFM instrument generates topographic images by moving a small cantilever
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over the surface of a sample. A sharp tip is attached to the end of the cantilever that contact with the
sample surface reflecting a laser beam from the backside of the cantilever is detected by a

photodetector.

2.1.1 Imaging with Contact AFM:

Using the above-mentioned procedure, we imaged a test grating to check the system
functionality, image stability, and scanner calibration shown in Fig. 2.3. A diffraction grating
typically consists of a large number of parallel grooves also called slits with a finite groove spacing
(called pitch) between them. We used the PNP-TR-Au ( f,=67KkHz k=
0.32 Nm™1, double side Au coated) tip for scanning using the large scanner (max. area 80 x 80 pm?)
of our AFM system. Our 11 x 11 um? scanning area consists of ~9 parallel grooves with pitches of
0.2 um and height of ~160 nm shown in Fig. 2.3 (a) and (b). Height has been measured across the
green horizontal line (Fig. 2.3a). Figure 2.3 (c) shows the commercially available gratings which
always use for scanner calibration. A 3D slits and pitches of the corresponding grating are shown in
Fig. 2.3 (d).
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Figure 2.3: Test measurement using contact AFM method: (a) Top view of test grating with an 11 x
11 pm? scan area, (b) height of the groove shows a pitch distance of 0.2 pum, (c) commercially

available experimental gratings, (d) 3D representation of test grating.

2.2 Noncontact AFM Mode:

Noncontact/dynamic AFM (nc-AFM/d-AFM) was developed soon after the invention of AFM,
an alternative advanced imaging technique where both tip and sample surface being preserved for a
long period due to noncontact imaging behavior. In this method, a vibrating cantilever with a sharp
tip having high eigenfrequency (fo) and spring constant (k) can oscillate at its resonance frequency
near the sample surface, capable of being provided the atom resolved images without touching the
sample surfaces, hence the name nc-AFM/ d-AFM is satisfied. Any change in the cantilever vibration
can be monitored by tracking its resonance frequency shift, vibrational amplitude change, or phase
shift under tip-sample interactions. Depending on the instrumentation when nc-AFM is employed in
an experiment, two typical special modes are used known as amplitude-modulation (Fig. 2.4a) atomic
force microscopy (AM-AFM) and frequency-modulation (Fig. 2.4b) atomic force microscopy (FM-
AFM) [5,6]. Our present AFM system (5500 AFM/SPM) is fit for both AM-AFM and FM-AFM
modes. The AM-AFM or acoustic AFM mode was a built-in option in our AFM system while we
customized our AFM by adding a phase-lock-loop (PLL) (or frequency demodulator) to work with
FM-AFM mode. Therefore, both AM-AFM and FM-AFM will be discussed briefly by referring to it
as principal instrumentation for this present research project as well as the corresponding fundamental

knowledge to operate any nc-AFM.
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(a) Amplitude change (b) Frequency change
Utilizing the tip—sample
separation dependence

Constant
tip height

e
e —— -

Sample Sample

Figure 2.4: Schematics of two separate nc-AFM working modes; (a) AM-AFM uses oscillation
amplitude as feedback; (b) FM-AFM uses the frequency shift of the cantilever as feedback. In both

cases, the distance between tip and sample maintains constant depending on force interactions.

2.2.1 Principles and Operation of AM-AFM:

Based on the analytical model proposed by Martin et al. [7] where oscillation amplitude was
changed due to the force gradient (k.s) acting between tip and sample for a small vibrational
amplitude cantilever, Zhong et al. [8] used the amplitude change as a feedback parameter to keep the
tip-sample distance constant. Moreover, they suggested using a large oscillation amplitude and a stiff
cantilever for the stability criterion of the measurement. In an AM-AFM measurement, a
microcantilever excitation can be made through an acoustic or magnetic excitation scheme. By
applying an ac-voltage to the piezo-actuator, it is possible to vibrate the cantilever almost or near to
its resonance frequency (f). On the other hand, a magnetic coil and lever are used to produce
resonance in magnetic mode. In the static equilibrium position under tip-sample interaction (Fy), the

bending of the cantilever can be described by the following equation —
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FtS = _keffAL (12)

where AL is the static offset as indicated in the Fig. 2.5 and k. is the effective spring constant.

Zy + AL = Acos(wt) + AL

z = Acos(wt + 0)

Figure 2.5: Schematic of tip-sample interaction. The gray cantilever represents the position when the
sample far away results in no interaction between tip and sample. However, under force interaction
at close separation, the cantilever attracts towards the sample. Therefore, to keep the distance similar
as before the piezo moves in the opposite direction left a bending phenomenon (offset) shown by the

black cantilever.

Now, let us consider that an excitation/drive ac-signal i.e. Zrive = Agrive COS(Wgrivet) having
fixed oscillation amplitude A4, and frequency w4-ive has been applied to the base of the cantilever
which results in an oscillation defined by z = A cos(wgrivet + @) at its equilibrium position. By
considering the probe as a point mass, the equation of motion for the driven damped lever can be
described using second-order differential equation —

maw,

mz+ Z+ keff(z - Zdrive) =0 (13)

where m, Q, wo, k¢ are the effective mass, quality factor, angular frequency, and the effective

spring constant of the cantilever, respectively. We removed the tip-sample interaction (F;s) from the

above equation as it is already canceled by tip bending (Eg. 1) under active interaction. As the spring
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constant (k) has been replaced by the effective spring constant (k.s¢) which includes the tip-sample

force effect (F;), the resonance frequency shift will be given by —

, k' W OF Wy
Aw:(,\)o—a)oza)oﬁ:—ﬁ aZtS:_ﬁktS (14)

Where k and k' are the spring constant of a spring and small force gradient due to interaction for a
real spring-mass oscillation system and wy, is the resonance frequency shift under effective spring
constant k.sr. The meaning of the above equation is that the frequency shift of a cantilever is
proportional to the gradient (k) of the tip-sample force. A schematic of AM-AFM is shown in Fig.
2.6. Initially, an excitation signal (with angular frequency w) is provided for the excitation of the
cantilever having a high resonance frequency. Typically, a dither piezo is used for the excitation of
the electric actuator. When this piezo element shakes the base of the cantilever with a frequency
higher than the resonance frequency (f) of the cantilever, the resulting oscillation occurs a large
resonance amplitude (A) of the cantilever. Now, if we engage the tip and sample to each other, the
resulting force interaction (F;) will change the resonance frequency of the cantilever which follows
an additional change in the resonance amplitude shown in Fig. 2.4 (a). The cantilever will be deflected
and the change will be detected through the PSPD. The signal is then fed into a preamplifier and
converted to a voltage signal (1/,.) with the same magnitude as the cantilever deflection. A lock-in
amplifier is then measured the amplitude (A) and phase (@) of the ac-signal and provided a dc output
(Vqc) corresponding to the same magnitude of the ac input. This quasi-dc signal is used for the z-
feedback controller. Relative comparison between measured amplitude from the cantilever deflection
and the setpoint amplitude, the new position of the cantilever will be set by z-feedback circuit. Thus,
by controlling the z-controller, the height or the roughness, as well as the real topography of the

targeted sample, is sensed and imaged.
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Figure 2.6: AM-AFM experimental setup where the detected signal has been modified by a lock-in
amplifier and a Pl-controller for z-feedback. A force sensor having a high frequency (f) and stiff

spring constant (k) is used for those experiments.

2.2.1.1 Imaging with AM-AFM:

Investigation and image acquisition of surfaces by the AM-AFM method have been considered
a great achievement at recent scanning field technology especially for biological samples, for
example, DNA, proteins, and polymers which need to preserve their environment completely both in
the vacuum or in the air, not only because of their special method of working but also guaranteed that
it will not damage the surface at their molecular level. Using the above-mentioned AM-AFM setup,
we imaged commercially available linear DNA (plasmid pGem7zf+) molecules (3000 b.p.) which

are deposited onto freshly cleaved mica with varying humidity at the time of the experiment was
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approximately 35-50% shown by Fig 2.7 (a). Approx. 2nm height has also been found from our
imaged topography as well known for DNA helix. The brighter spot that appeared on the DNA sample
probably due to airborne dust as this sample is too old. Additionally, we also imaged a different
sample i.e. GaAs(111)B surfaces (Fig. 2.7b) prepared by molecular beam epitaxy (MBE) on a GaAs
substrate. Our results show a pyramid-like shape with an average roughness of ~40 nm. However,
clear bright distinctive features appeared for two different surfaces. We used an nc-AFM Si cantilever
(OMCL-AC160TS-R3, OLYMPUS, Japan) having f, = 308 kHz,k = 26 Nm™!,A = 22 nm for

imaging. All measurements were done in an Ag-gas-supplied controlled chamber.
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Figure 2.7: AM-AFM image of (a) DNA (plasmid pGem7zf+) molecules deposited on mica. The
height of the DNA has been measured to ~2 nm; (b) GaAs(111)B on GaAs substrate deposited by
MBE. The average roughness of the reflected pyramids is ~40 nm.

2.2.2 Principles and Operation of FM-AFM:

Although by using the periodic motion of the cantilever at resonance the AM-AFM technique
resolved the tip degradation process and jump into contact (JIC) instability, application of this method
is not suitable in UHV due to the increment in mechanical quality factor (or Q-value) which possesses

restriction on the available bandwidth of the system. Often, the Q value of a vibrating cantilever
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(having f;~200 — 400 kHz) in an ultra-high vacuum (~50 000) enhances 500 times than in air (~100)
[2]. The minimum detectable frequency shift of AM-AFM is given by [5] —

_ / foksTB
5(Af)— m (15)

Where (z2,.) is the mean square oscillation amplitude, kzT is the thermal energy, f, is the
eigenfrequency, k is the stiffness of the cantilever, and B is the maximum available bandwidth. B
also defines the pixels per second (i.e.,128 x 128, 256 x 256, or 1024 x1024, etc.) for an area to be
recorded. As the Q value enhances in the UHV, the sensitivity also increases 20 — 25 times inside the
UHV [6]. However, the amplitude response of AM-AFM inside the UHV occurs very slowly which
limits AM-AFM not to use in UHV. The time constant for AM-AFM is —

_ 20

= E (16)

T

Which shows a linear relationship between the time scale of the amplitude change and the Q value.

Therefore, AM-AFM is not suitable for vacuum applications.

An alternative technique introduced by T.R. Albrecht et. al. [9] known as frequency modulation
atomic force microscopy (FM-AFM) shown in Fig. 4 (b) solves this problem where direct monitoring
the frequency shift (Af) of a cantilever allows us to measure the variation of the force gradient (k)
between the tip and sample. In FM-AFM, the cantilever act as a frequency-determining component
of a constant amplitude oscillator at resonance. When this cantilever vibrates at its resonance
frequency (f) near a sample surface, a sudden change in the force gradient (k) shifts the resonant
frequency which is detected by a frequency (FM) demodulator tracking system. By using a positive
feedback system, the cantilever is kept at its resonance oscillation. Also, an automatic gain control
(AGC) circuit maintains the vibration amplitude constant of the cantilever set by the user. A bandpass
filter removes the unwanted signal noise and a phase lock loop (PLL) maintains the constant phase
(~90°) between the excitation signal and cantilever deflection which ensures resonance of the

cantilever. During FM-AFM scanning, the tip-sample distance is varied to keep a constant change in
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Af of the cantilever. Therefore, this method is also regarded as a mapping of constant frequency shift

(Af) of the cantilever over the sample surface.

2.2.2.1 Fundamental Explanation and Relation between Af and Force
Interaction (Fy):

In the FM-AFM method, the interaction forces (F;;) can be calculated through the observation
of resonance frequency shift (Af) of the cantilever which is an indirect procedure compared to that
of the STM method. Therefore, complexity appears not only for the conversion of Af to F;¢ but also
for the separation of several long-range (electrostatic force, van der Waals force, etc.) and short-range
(chemical bonding force, short-range adhesive force, etc.) forces. One prime point about FM-AFM
is that by using a large oscillation amplitude cantilever near the sample surface the interaction range
[10] between tip and sample becomes relatively lower than that of the typical amplitude range. Hence,
the cantilever encounters the force interaction (F;) for a very small part of its oscillation period and
thereby changes its resonance frequency. For experimentalists, it is extremely necessary to
understand the relationship between Af and forces for a proper explanation. Although the tip-sample
interaction phenomenon is entirely a three-dimensional problem as well as depends on several
parameters, to reduce the complexity, we will limit the tip as a point mas spring which is a vertical

oscillator to the sample [11]. Therefore, the equation of motion can be expressed as —

mw

Q

mZ + Z4+kz =Fis+ F,ppe 17

where F,,. = F, cos(wt) is the excitation signal for the cantilever support and the other parameters
are similar to the AM-AFM method. Eq. (6) is exactly same as the Eq. (2) except for the excitation
function (F,,.). The differences between the excitation signal (F,,.) of AM-AFM and FM-AFM is
that for FM-AFM the F,,. is not a pure harmonic signal rather it is a modified controlled signal from
an oscillator control amplifier that ensures a constant vibration amplitude oscillator. When the tip and
sample will be engaged to each other various long- and short-range forces will act between the tip-
sample gap. We use Lennard-Jones type interaction potential for short-range forces which states
attractive force at a moderate distance, pass through a minimum, and then zero for large tip-sample

separation distances. The Lennard-Jones potential is given by [12] —
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Uy = —4e|(2) (2] 18)

r r

where g, is the characteristic length of a power-law function and r is the separation distance between
tip and sample. Also, the near-contact repulsion regime can be defined by Pauli exclusion by taking
into consideration of electron cloud between tip and sample, ranging from 0.5 nm [13]. Another short-
range attraction phenomenon is appeared due to the van der Waals (vdW) interaction forces for a
spherical tip having radius R positioned perpendicular to an infinite flat plane [12]. This force is
always common and can be varied along with electromagnetic field fluctuation. The van der Waals

interaction can be presented as [5,12] —

_AR (19)

Fo. =

where A is the Hamaker constant, and r is the closest separation between spherical tip and sample. If
the distance between tip and sample is smaller than the intermolecular distance, then F, 4y, can be
regarded as an adhesion-type (F,45) force. However, the certain, well-defined and identical long-
range force acting between tip-sample systems under a bias voltage is the electrostatic force (F,;.)
which can be easily understood from the concept of a parallel plate capacitor. Thus, using the energy

value of a capacitor the electrostatic force can be written as —

10C

Foe==—
ele 29z

[Vdc + Vac Sin(wact) - VCPD]Z (20)

where dC /dz is the capacitance gradient, V.pp is the contact potential difference and V. is the dc-
bias voltage. The ac-voltage V. sin(w,.t) at frequency w,. has been used to modulate the field
allows us to separate the F,,;, from other force contributions. In summary, the total force (F;,;) can
be thought of as the summation of long-range electrostatic force, van der Waals force, and the short-

range chemical bonding force or F;,; = F,p + Fyaw + Fenem-

As discussed, these forces are responsible for the resonance frequency shift (Af) of the

cantilever. For small-amplitude cantilever Af is related to force through the following equation [5,9]
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where 0F;,/0z is the force gradient which can lower the spring constant k i.e. k = k.¢r + 0F5/0z
with k¢ is the effective spring constant. But for large oscillation amplitude, the above equation is
not satisfied, and we have to take into account of classical perturbation theorem of a harmonic
oscillator. Based on perturbation theorem, the relation between Af and the average F;, for a full cycle

can be given by [14] (Hamilton-Jacobi formalism) —

Af(d, k, Ao, fo) = fo 1 j OFtS(d + Ay + Apcos(wt))Aycos(wt)dt (22)
0

kA2 T,

where Af depends on closest separation distance (d), spring constant (k), cantilever oscillation
amplitude (4,), and the free resonance (f,). Additionally, the Q-value of the cantilever as well as
the applied bias V. are equally important for FM-AFM imaging and characterization. Variation in
imaging may appear due to various alignment procedures of several parameters introduced above and
for different cantilever and shape of the tip head. However, the featured identical characteristics

(atomic arrangement, defects, manipulated surfaces, etc.) remain the same.

2.2.2.2 Experimental Operation:

We used PicoScan 5500 AFM/SPM, Agilent Technologies, customized and modified into our
lab able to work under FM-AFM mode. Fig. 2.8 shows a schematic diagram of our FM-AFM setup.
A high-frequency oscillating cantilever oscillates near the sample surface. Due to the interaction
forces, the frequency shift appeared which is detected by the PSPD. Two separate control units named
as frequency control unit and amplitude control unit simultaneously detect the tip oscillation and
ensure constant vibration amplitude (A) and frequency shift (Af) of the cantilever. A preamplifier
amplified the detected signal and then allows it to enter into the PLL or the frequency modulation
circuit. After controlled modification, one of its components appeared as topography and another part
is used to control z-feedback (Fig. 2.8). In the real situation, we introduced a phase lock loop amplifier
(PLL) provided by Nanosurf into our original AFM setup which simultaneously detects the Af
change and provides the additional excitation signal (F,,.) to control the vibration amplitude (4)

constant. A home-built feedback amplifier was used to measure the difference between setpoint
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frequency and the frequency changes due to interaction forces. We also used several programable
filters to ensure the lowest noise at the measurement time. The data acquisition was taken inside into
a chamber where a continuous supply of dry Ar gas (99.999%) ensured the minimum humidity and
contaminants inside the chamber. The whole microscope along with the chamber kept inside an
isolation chamber supported by a spring to ensure the optimum vibration induced to the AFM due to
other heavy apparatus (SAM, FEM/FIM) or several pumps ran inside the lab or even the earth

vibration.

Topography pus Z controller
Detector
(PSPD) Laser
1 Z-Feedback
Amplitude Monitored Unit
— o Amplitude
Vibrating Tip Setpoint, 4,
Excitation
/' Sample Oscillator
Control Amp.
Ar-gas chamber
Frequency Monitored Unit/ PLL
Feedback
Setpoint,
» Pre Amp. 5 fo]_
»
f detection ——
Af output

Figure 2.8: Schematic diagram of FM-AFM technique consists of two separate feedback units. One
is an amplitude monitored unit and the other is the frequency monitored unit. Although the laser and
photodetector in this block diagram are outside the environmental chamber, in real instrumentation
all components (i.e., laser, detector, sample stage, scanner, and the microcantilever) are inside the

chamber. As FM-AFM depends on several variable parameters discussed in the context, exact results
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and imaging contrast entirely depend on the proper tunning of the FM-AFM. Of course, the
unavoidable thermal drift should be considered after the measurement.

2.2.2.3 Conservative and Dissipative Interactions Measured by FM-
AFM:

Since there exists an acute difference between AM-AFM and FM-AFM, two separate modes
of nc-AFM require complete understanding which lies behind the proper knowledge of an externally
driven and a self-driven oscillator which is a prime factor for both technical modes [15]. Even though
both AM-AFM and FM-AFM share the same cantilever, the excitation signal (F,,.) is different for
both cases. For AM-AFM the excitation signal (F,,.) is a purely harmonic ac-signal (with a fixed
amplitude 4., and frequency w,) commonly known as an externally driven cantilever whereas
modified ac-signal with variable gain (g) is used for FM-AFM or is the typical self-driven cantilever.
This modification for self-driven cantilever has been done through a positive feedback system that
ensures constant resonance of the oscillator [15]. In other words, in an FM-AFM mode, the excitation
amplitude (4,,.) of an ac-signal may vary to keep the vibrating amplitude (A) constant [16].
Recalling the equation of motion under the active feedbacking system (Eqg. 17) which is slightly

different from Eq. (13), can be written as —

mw

mZz(t) + 0

z(t) + kz(t) = Fi(t) + gkz(t — tp) (23)

Where all the parameters carry the same meaning to that of Eq. (17) except the gain factor (g) and
the retarded time (t — t,) that has been introduced by an automatic gain control (AGC) unit. In Fig.

2.9, a positive feedback assembly with an AGC unit has been displayed [9].
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Figure 2.9: Block diagram of constant amplitude FMAFM using a positive feedback circuit.

Another important feature of FM-AFM is that it can measure the energy dissipation
simultaneously with the frequency shift (Af) of the cantilever. From the behavior of a self-driven
oscillator when it is far from sample i.e., F;; = 0 in EQ. (12), oscillatory solution such as z(t) =
zy + A cos(2mft) is permissible. By putting this solution into Eq. (12) and assuming the time (t,)

shift set to negative

(24)

(where T, = 1/f, is the free oscillation period) we find that the cantilever exactly oscillates at its
eigenfrequency (f,) and the gain factor (g) depends only on the Q value of the cantilever. This
exceptional bright characteristic allows us to find what will happen if the time (or phase) shift (t,)
slightly deviates from those appropriate values or what else happens under tip-sample interaction
(Fts). Consequently, under tip-sample interaction phenomenon the set value of t, will be detuned
from Eq. (13) which will affect the resonance frequency (Af) and the gain factor (g) of the cantilever,
also shown by several numerical simulations [16,17]. However, a brief analysis finds the FM-AFM
experimental results follows mainly the F,, and slightly on time shift (¢,) [15]. In this scenario, Af

and g can be given by —
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This two-equation is the representation of conservative and dissipative force interactions that
simultaneously occurred in an FM-AFM experiment. Since any exceptional assumptions did not
consider for these equations which concludes the validity to use these for all types of interactions as
long as the oscillation of the cantilever remains sinusoidal. In terms of the Furrier series for a
periodically oscillating force (F.s) [11], Eq. (15) is a quadrature component of Eq. (14). Therefore,
in summary, an FM-AFM can measure the conservative and dissipation interactions of a tip-sample

system by in-phase and 90° out-of-phase detection technique.

2.2.2.4 Imaging with our FM-AFM setup:

Therefore, after gathering adequate and proper knowledge, we used our customized FM-AFM
setup briefly described above for imaging and surface characterization. As this research project is
purely related to some modification of FM-AFM as well as characterization of 2D materials related
to FM-AFM, more recorded data with constructive discussion will be presented in the next chapter.
Here, we will focus only on the imaging that was taken by our FM-AFM. For that purpose, we used
mica (phlogopite) affixed Ir-coated Si substrate as a test sample, equally be used as the main sample
for the other electrical and mechanical surface characterization. In Fig. 2.10 (a), we took an image of
a mica nanosheet that has been pasted on an Ir coated Si substrate. We found the height of the thin
mica nanosheet to be 4nm, 5nm, and 6nm (Fig. 2.10b and c) corresponding to 4— layer, 5— layer, and
6— layer, respectively. We followed an exfoliation procedure that will be briefly discussed in chapter
3. The data was taken for 10 x 10 pm? using 512 x 512 points/line. The imaging was done for Si
cantilever coated with Ir (f, = 323 kHz, k = 26 Nm™1, 4 = 33 nm) with a constant detuning of
Af = —60 Hz. Point dust that appeared on the mica is probably due to air cleaving property.
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Figure 2.10: (a) Mechanically exfoliated mica nanosheet affixed on Ir-coated Si substrate. The
corresponding mica height (b) 4-layer (or 4L in topography); (c) 5- and 6-layer (or 5 L and 6 L)

measured across the red line profile. The resonance frequency shift Af = —60 Hz.

Using another set of Si cantilever (f; = 300 kHz, k = 42 Nm™,4 = 22 nm, OMCL-AC160TS-
C2/C3, OLYMPUS, Japan) we also imaged mica affixed Ir-coated Si substrate and check the
reproducibility of our technique which is shown 2.11 (a). Simultaneous, dissipation mapping is also
shown in 2.11(b). From the topography 9 L, 10 L (sandwiched layer), and 11L have been confirmed
as well as an inverted dissipation image possibly due to cross-talk of tip motion mentioned previously
in [18,19]. However, we used our UV Ozon cleaner (NL-UV253, Filgen, Inc., Nagoya, Japan) to

clean the sample after preparation which results in a clean surface confirmed from the topography.
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Figure 2.11: (a) Simultaneous measurement of 9L, 10L, and 11L mica nanosheet (a) topography; (b)
dissipation. The scanning area was 20 x 20 um? and performed with a Si tip with Af = —45 Hz.

Inverted dissipation is due to the cross-talk of the tip motion.

In summary, we found the imaging contrast and the tip-induced damping or the artifacts
strongly depend on the shape of the cantilever as well as the tuning of the PLL with the varying
targeted Af. It is recommended that performing several electrical and mechanical characterization

would be more accurate under the same target Af and the same cantilever.

2.3 Cantilever Specifications:

As mentioned previously that the image acquisition and several nanomechanical
characterizations of the sample surface strongly depend on the shape of the tip and the cantilever
materials. In other words, the tip along with the cantilever is the core heart of any AFM measurements.
The prime features that should take into consideration before purchasing any commercial cantilevers
are the cantilever materials (conductive/ non-conductive), tip radius (rp), stiffness (k), mechanical
quality factor (Q value) , eigenfrequency (f;), hardness and thermal stability df,/dT. Depending on
the mode of operation (contact, tapping, or non-contact) various precise monolithic cantilevers are
available commercially. We frequenty used four types of cantilevers for taking data which are
categorized as (i) PNP-TR-Au (contact mode); (ii) OMCL-AC160TS-R3 (tapping mode), (iii) Ptlr-
NCH, and (iv) PtSi-NCH (non-contact mode). All of those show almost equal results for our

measurements taken at different times. Their features have been summarized in the following table —
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Table 2.1: The following table consists of cantilevers specifications and its manufacturer. Photos are directly taken from OLYMPUS and
NANOSENSORS’s official web pages:

Operation Mode Contact Tapping Non-contact Non-contact (EFM)
- Gold-coated (~35nm) Silicon
i Platinum Silicide Platinum Iridium
P Pyrex Nitride Tetrahedral Tip
0.32 N/m
Stiffness (k) 20-26 N/m 40-42 N/m 10-130 N/m
0.08 N/m
Eigenfrequency 67 kHz )
300 kHz (Typically) 288 kHz (Typically) 265 kHz (Typically)
(fo) 17 kHz
Q-value (in air) - 300-350 340-380 400-600
Manufacturer NANOSENSORS OLYMPUS NANOSENSORS NANOSENSORS

Image

Additionally, using different types of cantilevers simultaneously allowed us to find out the best performance cantilever. According to our
experiences, we found both the conductive PtSi and Ptir-NCH probe (highlighted in the table) is the best for conducting an FM-AFM

experiment.
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2.4 Additional Apparatus:

2.4.1 Optical Microscope:

We frequently used an optical microscope for sample preparation and purity check of the
substrate. As we followed the exfoliation process for sample preparation, using a highly precession
optical microscope allowed us to see the initial deposition of the sample on the substrate. Therefore,
we used Axis Pro-2 optical microscope [20] provided by Nikon, Japan which is typically a
micromanipulation system shown in Fig. 2.12. It is a combination of a well-organized light

microscope and highly appropriate manipulation tools.

Figure 2.12: Axis Pro-2 manipulator assembled with a dedicated pre-installed computer for accurate

manipulation [20].

Using this Axis Pro-2 user can easily manipulate small particles (um-size) from one sample to another

sample within a very short time (~few minutes). The whole system is operated by a dedicated

computer where Axis Pro-2 software has been installed. Using this software, we can make a 0.91x —

10x optical zoom to observe very little (nm-size) area. Our Axis Pro-2 is also equipped with Nikon
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ECLIPSE 3X2 stage which allows us easy handling both manually and digitally for manipulation as

well as imaging. A 46.2mm optical zoom lens was used for imaging.

2.4.2 DC Magnetron Sputter (E-1030):

The DC magnetron Sputter (E-1030, HITACHI-High tech., Japan) is a sample coating
instrument, typically used for coating substrate with various types of metal, for example, Pt, Au, Ir,
Pt-Pd, Au-Pd, etc. to investigate samples under atomic force microscopy (AFM), scanning electron
microscopy (SEM), or scanning Auger microscopy (SAM) setup. This sputtering method not only
assures conductive sample surface after coating but also provides charge neutrality which is a
prerequisite before introducing the sample inside the above-mentioned microscopy technique. The
thickness of the coated can be controlled from few nanometers to tens of nanometer depending on
the instruction’s manual provided by the company (See Table 2.2 and 2.3). Besides, E-1030 also uses
a magnetron electrode meaning that a negatively biased target, integrated with a magnetic field to
generate a perpendicular magnetic field concerning the electric field of the target. This magnetic field
ensures plasma in a more restricted position and makes the deposition more uniform on the substrate.
In Fig. 2.13 (a) a top view schematic is shown. The main unit is assembled with an Ar-gas supply
tank and an oil pump to create a vacuum. In the middle of the main unit, there is a sample stage and
on the top of the stage, a target exists. Under high electric potential difference between a substrate
(positive bias) and the target (negative bias), highly accelerated Ar-plasma can dislodge the atom
from the target and deposits it on the substrate. The E-1030 DC sputter that exists in our lab used for
several purposes is shown in Fig. 2.13 (b). Two other available options are also present i.e. (i) etching,
and (ii) hydrophilizing. The sputtering, etching, and hydrophilizing operation, time, target height,

current, and Ar gas pressure have been summarized in Tables 2.2 and 2.3.
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Figure 2.13: (a) Schematic diagram of E-1030; (b) Commercially available model (E-1030), directly

taken from our experimental lab.

Table 2.2: Three especial operational modes that E-1030 can perform for sample preparation:

Sputter - Coat 30 15 See table 2.3 6
Etching DC Etch 30 15 100 6
Hydrophilizing AC Etch 20 5 30-80 6
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Table 2.3: Sputtering deposition rate (hm/min) of E-1030:

Pt-Pd 6.0
Pt 6.0
Au 11.5
Ir 12.0
Au-Pd 8.8

59



References:

[1]
[2]
[3]
[4]
[5]
[6]
7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]

[15]

[16]
[17]
[18]

[19]

[20]

G.Binnig, C.F. Quate, Ch. Gerber, Phys. Rev. Lett. 56 (1996) 930-933.

F.J. Giessibl, Rev. Mod. Phys. 75 (2003) 949-983.

F.J. Giessibl, Appl. Phys. Lett. 78 (2001) 123-125.

E. Meyer, S. Morita, R. Wiesendanger, Noncontact Atomic Force Microscopy (2002).
R. Garcia, R. Pérez, Surf. Sci. Rep. 47 (2002) 197-301.

W. Melitz, J. Shen, A.C. Kummel, S. Lee, Surf. Sci. Rep. 66 (2011) 1-27.

Y. Martin, C.C. Williams, H.K. Wickramasinghe, J. Appl. Phys. 61 (1987) 4723-4729.
Q. Zhong, D. Inniss, K. Kjoller, VV.B. Elings, Surf. Sci. Lett. 290 (1993) L688-L692.
T.R. Albrecht, P. Gritter, D. Horne, D. Rugar, J. Appl. Phys. 69 (1991) 668-673.

U. Dirig, H.R. Steinauer, N. Blanc, J. Appl. Phys. 82 (1997) 3641-3651.

S. Sadewasser, T. Glatzel, Kelvin Probe Force Microscopy (2018).

J.N. Israelachvili, Intermolecular and Surface Forces (1954).

L. Stich, J. Tébik, R. Pérez, K. Terakura, S.H. Ke, Prog. Surf. Sci. 64 (2000) 179-191.
F.J. Giessibl, Phys. Rev. B 56 (1997) 16010-16015.

B. Gotsmann, W. Allers, H. Holscher, U.D. Schwarz, R. Wiesendanger, H. Fuchs, Phys. Rev.
B 64 (2001) 075402—-075408.

B. Gotsmann, C. Seidel, B. Anczykowski, H. Fuchs, Phys. Rev. B 60 (1999) 11051-11061.
B. Gotsmann, B. Anczykowski, C. Seidel, H. Fuchs, Appl. Surf. Sci. 140 (1999) 314-319.
T. Arai, R. Inamura, D. Kura, M. Tomitori, Phys. Rev. B 97 (2018) 115428115434,

C. Loppacher, R. Bennewitz, O. Pfeiffer, M. Guggisberg, M. Bammerlin, S. Schér, V.
Barwich, A. Baratoff, E. Meyer, Phys. Rev. B 62 (2000) 13674-13679.

https://mountainphotonics.de/products/mis-axis-pro/?lang=en.

60



Chapter 3:

Experimental Methods for Sample Preparation and Evaluation

Our earth is naturally abundant with numbers of layered materials which have been investigated
for more than 100 years for searching the potential one along with its extraordinary properties down
to small scale as well as its proper application to our modern electronic devices [1,2]. Using some
limited but appropriate techniques, these layered materials can be sliced down to two-dimensional
(2D) thin sheets typically called 2D materials/ 2D nanosheets under some minimum applicable
physical limits [3]. In this chapter, we will represent an exfoliation technique and transfer process

through which we made an atomically thin mica

nanosheet and pasted it on Iridium (Ir) coated Si , Mica

substrate (Ir/Si). We used artificially synthesized
phlogopite  mica  (KMgsAlSisOi0F2),  another

Ir coated )
Si

prominent 2D material, which shows cleaving
Poly-urethane

hand roller

property and is commonly used as a substrate material

(both  muscovite and phlogopite) for many

fundamental experiments [4,5].

3.1 Introduction

After revealing the unusual unique properties of 2D thin nanosheets varying from that of bulk
crystals, sequential research has been done over the last few years to utilize the intense and potential
electrical and mechanical characteristics of 2D nanosheets [3]. Besides, recently invented additional
guantum features related to the dimensionality of 2D materials [6-9], for example, 2D
superconductivity, quantum transportation [10-13], magnetism, high carrier mobility [14], etc. have
expanded the field of interest. The primary application and acceleration of this field became initiated
after the invention of graphene which is typically a single hexagonal array of carbon atoms isolated
from that of bulk graphite [14,15]. Graphene serves as a basic building block of carbon-related
materials i.e., the well-known three-dimensional (3D) graphite, one-dimensional (1D) nanotubes, and

61



zero-dimensional (0D) fullerene [16]. Moreover, it was the first ultra-thinned 2D nanosheet that
provided a novel transition for materials and devices from microscale to atomic-scale and related
physics responsible for distinct electrical [17,18], mechanical [19], optical [20], and sensing
properties [21] to understand the phenomenon exhaustedly. Therefore, within a very short period,
various electronic and optoelectronic devices considered graphene as an effective performer to
fabricate a high-frequency transistor [22,23], active solar cells [24—-26], logic gates [27], and CMOS
devices [28]. Since 2D graphene (monolayer to several layers) established itself as a successful
candidate, continuum research finds other effective and distinctive 2D materials such as MoS2 [29],
MoSe; [30], WS2[31], WSe2 [32], h-BN [33], polymers, fibrous materials, thin glass plates, metallic
foil, black phosphorous, and so on [34]. Among those 2D materials MoSz, MoSe,, WS,, and WSe>
are also known as transition-metal dichalcogenides or TMDs materials.

However, a newly emergent another fascinating 2D material from the phyllosilicate subgroup
called Mica could be compatible with the above-mentioned 2D materials. Mica is established as a
layered silicate compound with properties varying from conductor to semiconduction depending on
the thickness [5], it is used as an insulating material in the industry, home appliances (hot plates,
toasters, and irons, etc.), and a dielectric in a capacitor, and so many. Besides, ground mica is also
used for roofing, waterproof fabrics, and various agricultural products [34]. From this point of view,
the importance of mica is enormous which can be expanded into the nanoscale. Consequently, a large
number of the present research is now focused on mica regarded as 2D substrate materials as well as
the thin dielectric layer that can play an important role for modern electronic devices. Even though
the structural analysis was reported in the 1920s [35], very few details about the behavior of mica
down to nanoscale are known at present. Depending on the unit cell formula i.e. X2YnZsO20(OH, F)s
where X represents cations (K*, Na*, Ca*), Y represents octahedral elements (AI**, Mg?*, Fe?*, Li*,
...) and Z represents the tetrahedral elements (Si**, AP, ...), mica further can be categorized as
muscovite [KAI2(SizAl)O10(OH):], phlogopite [KMgsAlISisO1oF2], biotite [K(Mg, Fe)3(AlSizO10)(F,
OH)2], etc [34].

As this present research is related to artificially synthesized phlogopite mica, therefore, we will
briefly discuss the featured characteristics and exfoliation process of phlogopite mica. Moreover,
phlogopite is one of the cleavable mica with a bandgap of ~9 eV and a perfectly cleavable (001) basal
plane. Also, the operating temperature of artificially synthesized pure phlogopite (~1000 °C) is higher

than that of widely used muscovite mica (~500 °C). Figure 3.1 (a) and (b) show the side view and top
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view of atomic phlogopite mica. The K* ion (purple solid sphere in Fig. 3.1 b) is confined in between
the hexagonal array pattern of SiOs atoms after exfoliation. The basic building block i.e., the
tetrahedral layer (T-layer) [(Si, Al) +O2] and octahedral layer (O-layer) [(MgO) +F] make T-O-T
sandwiched layer which is connected with another T-O-T layer to make bulk mica through interlayer
(K™) cations. This weak bonded K™ layer is considered as the cleavable plane and allows us to make

ultra-thin mica 2D nanosheet.
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Figure 3.1: Atomic structure of phlogopite mica (a) side view; (b) top view. The tetrahedral layer
[(Si, Al)+0-] and octahedral layer [(MgO)+F] are shown by pink and gray polygon, respectively,

considered as the main structural frame of mica.

However, the application of this mica nanosheet entirely depends on its successful exfoliation process
and exfoliated area. Various conventional methods have been applied for receiving defect less, and
high atomically flat large areas of mica. In the next section, we will represent a newly developed
exfoliation process for artificially synthesized phlogopite through which a clean and large area of

mica nanosheet can be prepared.
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3.2 Mechanical Exfoliation:

It has been found that only specifying absolute layered bulk materials has no meaning without
knowing its proper exfoliation and/or growth process to make an ultra-thin layer for device fabrication.
As a result, the useable identical physical properties of 2D materials largely depend on their synthesis
and growth process. From time to time, even if it is possible to make ultra-thin 2D nanosheets using
conventional techniques, features that we need (uniformity, flexibility, tunable bandgap, etc.) always
ends up with extreme challenges using those techniques. Although using the crystal growth technique,
it is possible to make a large-area single crystal of some 2D materials (for example, graphene and h-
BN), however, scalable growth is still an obstacle for us [36], especially for the heterostructure 2D
materials. Note that, some scalable growth techniques, for example, atomic layer deposition and
chemical vapor deposition (CVD) have been employed to produce large-area TMDs materials (MoS:
[37,38], WS2[39]), and others [40] on different substrates, but the CVD optimized growth approaches
often been proven to be a time-consuming process since abrupt occurrences such as the formation of

defects [41] and grain boundaries happened simultaneously with the growth process.

For more than the last 15 years, the mechanical exfoliation process takes the attention for
making thin to thick 2D layered materials with the marginal area [42]. Even though these 2D
nanosheets with exfoliation techniques inevitably show randomness with dimensionality and
structure, some notable intrinsic properties (superconductivity [43], Hall effect [18], massless Dirac
Fermions [17]) play a significant role which is absent in CVD or other growth techniques. Therefore,
to prepare any 2D flat sheet from their mother crystal with varying thickness, the mechanical
exfoliation process is suitable beyond any other growth or deposition process.

3.2.1 Experimental Methods to Prepare Large Area High-Quality
Mica Nanosheet:

With the comparison to that of conventional scotch tape method widely used for the exfoliation
process of graphene and other 2D materials, we adopted an exfoliation process with a tool named as
polyurethane hand roller for preparing mica nanosheet from bulk mica and then affixed it onto the
Ir/Si substrate. A commercially available clean polyurethane hand roller (Semiconductive gel roller,
EX215-AS, EXSEAL Co., Ltd., Mino, Japan) with a diameter of 20 mm is used for the exfoliation
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process which is originally recognized as a dust removal instrument from flat surfaces in
semiconductor processes without having residues. One of the easily observable advantages of using
a polyurethane hand roller is that it provides a similar type of viscosity to that of poly-dimethyl
siloxane (PDMS) or scotch tape with a lower level of residues. Experimental procedures of the
mechanical exfoliation process and affixing techniques are shown in Fig. 3.2 (a — g). At first, we
attached our bulk clean mica flake to a glass slide (Fig. 3.2a) using adhesive scotch tape (polyimide
film, both side Silicon adhesive, heat resistant tape). Additionally, we cut the n-type Si (111)
(resistivity 0.4 — 0.9 Q-cm) wafer to make Si substrate to our preferred shape and coated it with Ir
using DC magnetron sputtering machine. In Fig. 3.2 (b) the commercial polyurethane hand roller
(diameter 20 mm) is displayed. Our exfoliation technique is shown in Fig. 3.2 (c) where we roll the
roller once at a time with moderate force on it over the top surface of the bulk mica to thinly exfoliate
the surface. Therefore, due to the adhesive property of the roller as well as the cleaving property
([001] basal plane) of mica, some broken exfoliated mica sheets were attached (Fig. 3.2d) to the
surface of the roller. At the same time, we carefully used a very little amount of water (spray type)
(Fig. 3.2e) to weaken the adhesion property between mica and roller. Consequently, the roller was
rolled over the Ir/Si substrate to transfer the mica broken sheets to the targeted area on the substrate
shown in Fig. 3.2 (f). The curvature of the roller allows us to easily separate the thin mica sheets from
both the bulk mica surface and to shift them onto the Ir/Si substrate. At this stage, we heated the
sample at 200°C for 30 minutes in the air using a conventional ceramic hotplate to remove water
molecules from the sample surface. Before performing all of the above-mentioned procedures, the
SiO»/Si substrate was cleaned ultrasonically in acetone, and mill-Q water. Moreover, to confirm a
clean sample ozone cleaning was carried out to remove hydrocarbon adsorbates from the surface.
Using the poly-urethane hand roller technique, we prepared a mica nanosheet varying from thick to
ultra-thin layer. Similar results are also shown by our previous study [5]. We also assumed half of
the K™ atom random distribution after cleaving on the exfoliated mica nanosheets, while the other
half is on the counter surface of the mica crystal. We confirmed our exfoliation results with the help
of optical microscopy (Axis pro) and AFM showed satisfactory results which will be discussed in the
results and discussion section. We found up to 15-layer of mica nanosheets are visible under an

optical microscope and lower than this we need AFM investigation.
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Figure 3.2: Mechanical exfoliation using polyurethane hand roller technique. All of the stages were
performed in our lab environment with humidity ranging from 30-50%. Sequential processes: (a)
prepared Ir/Si substrate for AFM holder and customized glass plate holding mica sheet for rolling,
(b) polyurethane roller with preferable length and diameter, (c) real-time rolling, (d) careful
observation of broken mica flake on the roller, (e) using water to lower the adhesion, (f) roll over the
substrate,(g) prepared sample. Finally, before AFM measurement, additional heat treatment was
performed using a ceramic hot plate.
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The atomically exfoliated 3D mica nanosheet with an equal number of K* ion distribution is shown
in Fig. 3.3. Two tetrahedral layers (T-layer) [(Si, Al)+O.] with an octahedral layer (O-layer)
[(MgO)+F] in between makes a T-O-T sandwiched layer which is connected with another T-O-T
layer to complete a bulk mica through interlayer (K*) cations. The K* layer is considered as the (001)

cleavable basal plane and allows us to make ultra-thin mica shown in Fig. 3.3.

Figure 3.3: The atomistic 3D representation of exfoliation process of phlogopite mica using our
polyurethane hand roller. The two T-O-T layers are interconnected with the K* layer, equally

considered as the cleaving plane. 1-layer of cleaved nanosheet is detached from bulk in above.

To prepare the iridium coated Si substrate (Ir/Si), we used native oxidized n-type Si (111)
(resistivity 0.4 — 0.9 Q-cm) wafer coated iridium (Ir) at a thickness of ~12 nm deposited by DC
magnetron sputtering. A schematic sputtering process is shown in Fig. 3.4. DC magnetron sputtering
coat was conducted in a vacuum chamber with an Ar-gas (99.999%) pressure of 6 Pa at a discharge
current of 15 mA with a DC power supply.
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Figure 3.4: A schematic diagram of DC magnetron sputtering.

3.3 Results and Discussion:

After preparation, we first observed our sample under an optical microscope as we mentioned
before that using a high-resolution optical microscope it is possible to see ~15 nm of flat mica
nanosheet on Ir/Si substrate. More than 100 nm thick mica flake even reflects different colors which
are visible through our naked eyes as shown in Fig 3.2 (g). However, some optical microscopy images
are presented in Fig. 3.5 where different layer thickness mica has pasted on Ir/Si substrate. We used
Axis pro which has been described in chapter two (section 2.4). Through this optical microscope, we
were able to observe up to ~20 nm thick and large mica flake shown in Fig. 3.5 (a) and (d). It is also
reported by one of our previous groups that mica thin nanosheet down to 1-layer is possible to observe
under the optical microscope which depends on the substrate material [44]. However, for our Ir/Si
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substrate, it is hardly possible to see mica nanosheets lower than 20 nm. As a result, we engaged our

AFM system to analyze thin mica nanosheets.

Figure 3.5: Optical microscopy images provided the initial mica nanosheet deposition on Ir/Si
substrate. The color differences indicate the thickness of the mica layer. Almost no contrast appeared
for nanosheets having height < ~20 nm for the Ir/Si substrate. For this case, (a) shows 20 nm or 20-
layer of thick mica sheet; (b) 18-layer, (c) 30-layer, and (d) 20- and 30-layer was observed. Think
layer of mica nanosheet is also found on the red marked area through AFM measurement, however,

no contrast is found here.
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Even though the above optical images only show thick mica sheets varying from 20-layer to
30-layer, the red marked circle area contains thin mica nanosheets which have been confirmed
through AFM images. In Fig. 3.6 (a) — (d), several layers of mica nanosheet varying from thin to thick
layer is shown taken by contact AFM system. The initial morphology of the sample surface and the
height of any thin 2D materials can be independently measured by AFM. Therefore, before
performing any characterization using the frequency modulated (FM-AFM) ncAFM mode, we
measured the height of the mica using contact AFM or intermittent contact mode which is relatively
less time-consuming than an FM-AFM system. The height has been measured across the line profile
that passes through both mica and Ir/Si substrate shown on each AFM image (Fig. 3.6 (a) — (d)). For
images, (a) and (b) the line profile curves corresponding to mica height with respect to bare Ir/Si have
been placed on the right side of the images, and for (c) and (d), it is on the below of the images. The
minimum height between Ir/Si substrate and the mica has been measured to 4 nm, 5 nm and 6 nm
shown in Fig. 3.6 (a) and (b) corresponding to 4-layer (4L), 5-layer (5L), and 6-layer (6L) of its unit
thickness (~ 1 nm). Although the dimensions of thin layer mica nanosheets fabricated by other
conventional mechanical processes, for example, Scotch tape method, are usually not much larger
than 1 um x 1 um, however, we were able to prepare 4-layer mica nanosheets with dimensions of ~5
um x5 um (Fig. 3.6a) with a scanning area of ~10 x 10 um? and ~2 um x 2 um (Fig. 3.6b) for 4.5 x
4.5 um? using our polyurethane roller method (Fig. 3.2 (a)—(g)). The 6L of mica has also a dimension
of ~5 um x5 pum shown in Fig. 3.6 (a). The point-like dots that appeared on mica in Fig. 3.6 (a) is
possibly due to the contamination of hydrocarbons as we exfoliated mica in the air. Also, from Fig.
3.6 (b) — (d) relatively clean and flat surface of mica has been found without any water ripple or less
contamination layer. From Fig. 3.6 (c) and (d), the thicker 10-layer and 15-layer mica sheets have
been observed with dimensions of ~10 um x10 um confirmed by ~40 x 40 pm? and ~30 x 30 pm?

scanning area, respectively.
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Figure 3.6: AFM images of mica nanosheets exfoliated down to (a) 4 nm, 5 nm, and 6 nm; (b) 4 nm;
(c) 10 nm; (d) 15 nm thickness, pasted on the Ir/Si substrates. The typical cross-sectional line is shown
with a red line and the corresponding height is shown on the right side of (a) and (b); on the bottom

of (c) and (d). The numerals with the character “L” indicate the thickness of the mica nanosheets.

For the elemental analysis of exfoliated mica nanosheets with our modified process, we took
the scanning Auger spectroscopy (AES) peaks shown in Fig. 3.7 (a). The peaks that appeared on the
AES spectra show all mica elements except the carbon (Ck.r) which emerged at 272 eV. The C peak
that appeared in mica elemental analysis is due to environmental contamination. It is also reported
that the degree of carbon contamination depends on the exfoliation process and the related mechanical
tools engaged in it [45,46]. Our previous groups also analyzed and compared C contamination
between two exfoliation techniques which are shown in Fig. 3.7 (b) [5]. The PDMS stamp-related

exfoliation of the mica nanosheet showed a higher C peak than our polyurethane hand roller technique
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suggesting a higher carbon (C) arose from the surface of the PDMS stamp. Even though the
polyurethane hand roller does not have any undesirable species, the remaining carbon peak possibly
attributed to contamination from the laboratory environment (as mentioned before) during the sample

preparation time in the air.
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Figure 3.7: (a) Elemental analysis of 15nm mica pasted on Ir/Si substrate through AES. The
corresponding peaks are represented by mica elements except for C which appeared at 272 eV,
possibly due to lab environment-induced hydrocarbon contamination. (b) Two types of exfoliation

shows the C contamination, suggesting polyurethane hand roller has lower contamination than PDMS.

The layer-by-layer mica structure has been assembled through the aluminosilicate layers where
the potassium (K*) atoms layer is the connector between two aluminosilicate layers (Fig. 3.3). Inside
mica, the aluminosilicate layer shows slightly negative charge dependence because of the
replacement of a quarter of Si** ions by AI** ions which is electrostatically neutralized by positive K*
atom layer, as highlighted in the 3D atomic structure (Fig. 3.3). However, the bonding interaction
force between the K* layers and the aluminosilicate layers is considered as a weak attractive force
resulting in an easy cleavage across their interface. On the other side, the long-range well-defined
van der Waals (vdW) interaction force is dominated between exfoliated mica and the Ir coated Si

(Ir/Si) substrate. A competition phenomenon happens between the vdW force that acts on the bottom
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layer of mica and the weak electrostatic K* layer of the upper exfoliated mica side. When an
additional adhesive force concurrently works with vdW force between the bottom layer of mica and
the Ir/Si substrate, the mica nanosheet can be separated from the layered structure, leaving the thin
mica nanosheet on the substrate surface. A schematic diagram of modified mica exfoliation is
presented in Fig. 3.8 (a) and (b). It demonstrates that the solid curved surface of the poly-urethane
hand roller increases the interaction between the mica/substrate interface and thus enhances the
exfoliation process. When the roller along with a few layers of mica (Fig. 3.8b) on its surface is rolled
over the substrate, more uniform contact is established between the outermost mica layer and the
supporting substrate which increased van der Waals force driven by an increase in pressure at the
interface. The interaction forces between mica and substrate surface may vary due to differences in
applied pressure, increased contact area, and decreased overall contact distances. For this reason,
separations occurred between the mica layers i.e. started varying from monolayer to a few thin layers
followed by thick layers and transferred onto the substrate surface (Fig. 3.8b). A similar mechanism
happened when the roller is rolled over the bulk mica to transfer mica sheets onto the roller surface.
There is also a probability that monolayer or few layers of mica flake that attached to the roller
surfaces from the bulk mica are directly transferred onto the substrate surface. Upon cleavage of the
mica surface exhibits a hexagonal arrangement of SiO,4 tetrahedra and O atoms partly covered by
potassium ions over the exposing surface [47]. Therefore, we also tried to image the exfoliated surface
of mica at a smaller range which is shown in Fig. 3.9 (a) and (b) for a scan area of 6 nm x 6nm. In
Fig. 3.9 (c) and (d), the same area has been minimized to a 3nm x 3nm area to observe the structure
more clearly. From our typical topographic AFM image in contact, the hexagonal periodic structure
for the 6 nm x 6nm scan area is clearly visible which has been enlarged in Fig. 3.9 (c) and (d) for a
small area. The dark spots correspond to the holes of the hexagonal ring. Even though some distortion
appeared on the images, the mean unit cell dimension is almost equal to the measured value reported
in [47]. We used our contact AFM system for atomic imaging with a PtSi force sensor and all the
images were taken in an Ar-gas controlled environment. We also used a rotational angle of 50° for

the imaging which showed the most satisfactory atom resolved image.
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Figure 3.8: Enlarged schematic view of exfoliation of 2D mica nanosheet. (a) The initial position of
the roller from where it started rolling, the increased pressure on the roller causes identical spacing
between mica and substrate through which vdW on the interface enhanced. (b) At some arbitrary
position where mica layer started to cleave and pasted on the substrate. Although the mica nanosheet
is very small compared to the hand roller, a large representation of the nanosheets has been used on

the above images for demonstration purposes.
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Figure 3.9: AFM topographic images of (001) basal plane of exfoliated phlogopite mica; (a) left to
right, (b) right to left with a scanning area of 6 x 6 nm? and 256 x 256 data points per line. The
scanning speed was 290 nm/sec and the imaging time per frame was ~11 sec. (c) and (d) represent a
smaller area of 3 x 3 nm? and the scanning speed was 301 nm/ sec with a minimal applied loading

force on the cantilever and at zero bias voltage. Both images were taken at a rotation angle of 50°.
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3.4 Summary:

The modified exfoliation technique for the cleaving of 2D materials has been discussed in this
chapter. We chose artificially synthesized phlogopite mica as a representative for 2D layered
materials and Ir coated n-type Si(111) as a substrate material. We hope this technique can equally be
applied to other layered materials as well. We found optical images gave us an easy access to the area
where mica sheets with thin thickness were possible as well as to run AFM analysis. From the typical
AFM data, we measured the surface morphology, exact height, and dimension of the mica nanosheets.
Through our results, we found successful deposition of mica nanosheets with a large dimension
varying from thick to thin layer, confirmed by AES and AFM analysis. Similar results were also
found for the different substrates reported in [5]. Additionally, atomic images by contact method also
showed the similar results for exfoliated mica drawn previously. All of those data provided
satisfactory results and validity of our exfoliation technique and offer further investigation for other

2D layered materials with less contamination.
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Chapter 4: Evaluation of Mechanical Energy Dissipation using

Frequency Modulation Atomic Force Microscopy

Due to the nonconservative interactions acting between the tip on a cantilever and a sample,
mechanical energy preserved in an oscillating cantilever in frequency modulation atomic force
microscopy (FM-AFM) was dissipated. Here, we estimated the variation of the energy dissipation
(Ddis) using the FM-AFM with a metal-coated tip for a metal-coated Si substrate partially covered
with thin mica films (mica nanosheets) with various thicknesses. The variation of Dgis was
predominantly governed by the electrostatic interaction under a bias voltage for distant tip—sample
separations, chiefly responsible for Joule heat owing to the vertical tip oscillation in the FM-AFM.
From the analysis of Dgis and the frequency shift of the cantilever, which depended quadratically on
the bias voltage, electrical resistance presenting Joule heat was evaluated to be of the order of GQ
and changed with the mica thicknesses. We comprehensively studied the source of such great values
of resistance in terms of surface scattering of charges moved by the oscillating tip and dielectric
energy loss for the mica nanosheet. Measurement of energy dissipation in the FM-AFM exhibited the

potential to probe the local surface electronic properties in non-contact.

4.1 Introduction:

The most cutting-edged functional micro/nanodevices based on exotic materials have been developed
for the miniaturization of electronic devices. For the advancement of those devices, microscopic
analysis of new materials with a high spatial resolution of less than nanometers is indispensable. For
the nanoscale analysis of conducting, semiconducting, and insulating materials, the atomic force
microscopy (AFM) [1] has played a prime role in the observation of their surface topography [2-5]
as well as characterization of their mechanical and electrical properties [6-11]. There are several
types of AFMs operated in different modes for a cantilever as a force sensor. Among them, the
frequency modulation atomic force microscopy (FM-AFM) [12] is highly preferred to carry out high-
resolution analysis in a stable manner, because the sample damage caused by contact or tapping of a
probe (tip) can be avoided owing to the apparent high-stiffness of an oscillating cantilever as well as
its high force sensitivity [13-15]. In an FM-AFM, the nanotip at the end of a cantilever is being
oscillated at its resonance frequency (f), and the resonance frequency shift (Af) is measured; Af

sensitively changes depending on the conservative force interactions acting between the tip and the
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sample [16,17]. Consequently, the tip can be brought in proximity to the sample surface so that its

intricate properties are unveiled with a sub-nanometer resolution.

Moreover, the nonconservative force interactions acting between the tip and the sample can
also be measured using the FM-AFM [18,19]. The mechanical oscillation energy stored in the
oscillating cantilever is dissipated through the nonconservative interactions between the tip and the
sample. In the FM-AFM, the cantilever excitation typically being performed using an excitation
signal (Vexc) and can be monitored, while the cantilever oscillating amplitude (A) is being kept
constant by a feedback controller. Any change in Vexc corresponds to the change in the energy
dissipation (Dgis). Using such a self-excitation cantilever the conservative and nonconservative
(dissipative) interactions can be separately and simultaneously detected as Af and Vexc, respectively,
using a phase lock loop (PLL) along with a phase shifter [20]. Through the measurement of energy
dissipation, many fascinating features of sample surfaces have been reported [21-24]. The observed
dissipations have been categorized as Brownian motion [25], hysteretic force interactions [26,27]

including single-atom contact adhesion [28] and atomic displacement,?? Joule heat [29], etc.

Denk and Ponhl first studied the Joule heat dissipation induced by capacitive displacement current
passing between a semiconductor surface and a conductive tip on the oscillating cantilever [30]. They
observed the scanned images exhibiting the local variation of surface conductance via Joule heat
dissipation. This had opened a novel method to examine the local resistivity near the surface without
contact of the probe with the surface during AFM imaging. Subsequently, several attempts have been
done to characterize the Joule heat dissipation depending on the tip—sample separation, the bias
voltage between them, and resistance in a tip—sample circuit loop [20,29,31]. Additionally, Arai et al.
derived the proportional relationship between Duisand Afeie, which is the frequency shift due to the
long-range electrostatic force; they also reported that resistance R; representing the Joule heat
generation could be evaluated from the slop of Dgis as a function of Afele [32]. The value of Ry was
experimentally measured to be so large as the order of GQ for a Si(111)-(7x%7) surface of even a low
resistivity Si wafer, examined using a low-resistivity boron-doped Si tip. It was pointed out that the
oscillating tip caused the oscillatory motion of surface charges along the surface, resulting in Joule
heat through the surface resistance. Because the oscillation also caused the oscillatory motion of the
tip surface charges, the value of R; could include the resistance for Joule heat on the tip surface.
Although the evaluation of R; as surface resistance using the dissipation channel of FM-AFM is

fascinating for non-destructive nanoscale characterization, the interpretation of Ry is still unsettled. It
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demands strong clarification of which part of the tip and sample dominantly contributes to the large
value of R; for extension of the analysis using the proportional relationship between Dgis and Afele.

Through this research work, we measured the energy dissipation using the FM-AFM with a
conductive Si tip coated with metal (Pt-1r) for a conductive Ir-sputtered Si substrate locally covered
with mica nanosheets with different nanometer thicknesses and evaluated the high values of electric
resistance from the plots of Dgis as a function of Afee. FOr the mica nanosheets, we used artificially
synthesized phlogopite (KMgsAlSizO10F2) with high purity, purer than natural muscovite, as a
member of mica family. The mica nanosheets of phlogopite with high mechanical and temperature
stability and low dielectric loss have the potential for components of micro/nanodevices as very thin
insulators [33—-36]; their thickness is an integer multiple of its unit thickness (approximately 1 nm),
and the exfoliated phlogopite exhibits an atomically flat surface. Since the mica nanosheet acts as an
ultra-thin dielectric layer, the electrical properties between the tip and the sample could be locally
changed over the nanosheet depending on its thickness, comparable with those of the bare metal-
coated sample surface. Thus, we shed light on the difference in energy dissipation between the mica-
covered and non-covered surfaces on the conductive substrate, which provides a key to understanding

the energy dissipation induced by the tip oscillation under a bias voltage, detected by the FM-AFM.

4.2 Experimental:

We used a commercial AFM setup (5500 AFM/SPM, Agilent Technologies, Inc., Santa Clara,
CA, USA), the head of which was placed in a closed environmental chamber filled with pure argon
gas (Ar, 99.999%). The AFM was operated as the FM-AFM by use of a phase-locked loop (PLL)
(easy PLL, Nanosurf AG, Liestal, Switzerland). Thereby the AFM cantilever was being oscillated at
its resonance frequency (f) by applying a sinusoidal excitation voltage with amplitude Vex to a
modulation piezo element supporting the cantilever; the phase difference between the oscillation
output signal and the excitation voltage was adjusted so as to make the maximum amplitude (A) of
the resonant oscillation of the cantilever at a far distance from the sample. The force (Fts) acting
between the sample and the tip at the end of the cantilever changed Af, which was the shift of f from
the resonance frequency (fo) of the cantilever at a far distance from the sample. The force Fis could
be calculated from the changes in Af with respect to the tip—sample separation by Sadar—Jarvis

numerical method [37]. The amplitude of the excitation voltage, Vex., was adjusted to keep the
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oscillation amplitude (A) of the cantilever constant using a feedback controller. Under this condition,
the energy dissipation (Ddis) was evaluated from the change in Vexc using the following equation [20],

2

Do = 212 (Lo —1). @)

Q VeXC(O)

Here, k is the spring constant of the cantilever, Q is the quality factor of the cantilever as an oscillator,
and Vexc(0) is the amplitude of excitation voltage for the tip at a far distance from the sample. Labuda
et al. reported that the value of Dgis should be corrected by the introduction of a prefactor at the front
of Vexc/Vexc(0) in eq. 1, when excitation of the cantilever oscillation has spurious characteristics
depending on the frequency due to the mechanical vibrational features through the piezo element and
surrounding circumstances for the cantilever oscillation [38]. We estimated the features of our FM-
AFM setup in terms of a transfer function, which is explained in Appendix I; here, the prefactor could

be regarded as one.

Besides the topographic images of sample surfaces observed by the FM-AFM, we obtained the curves
of Af and Duis as a function of the tip—sample bias voltage (Vs) as well as a function of the tip—sample
separation at our set positions over the sample surface; the tip electric potential was grounded. We
used a commercial conductive Si cantilever coated with platinum—iridium (Pt-Ir) (PPT-NCHPt,
NANOSENSORS™, Neuchatel, Switzerland) having the resonance frequency (fo) = 265.8 kHz, k =
48 N/m, and Q = ~530 in Ar gas, and the nominal radius (rtp) of the metal-coated Si tip was less than
25 nm. The cantilever oscillation amplitude (A) was 20 nm in this study. The intrinsic energy
dissipation of the cantilever at a far distance from the sample surface was approximately 0.5 eV/cycle,

estimated from the measured Vexc(0).

As a substrate for sample preparation, an n-type Si(111) wafer with a resistivity of 0.4-0.9 Q- c¢cm
was cut into a rectangular piece. The substrate was cleaned in an ultrasonic bath of acetone and a UV
ozone cleaner (NL-UV253, Filgen, Inc., Nagoya, Japan). Afterward, iridium (Ir) was coated on it to
be ~12 nm in thickness to provide an electrical conductivity using a direct current (DC) magnetron
sputtering machine (E-1030, Hitachi-Hightech Corporation, Tokyo, Japan); hereinafter denoted as
Ir/Si substrate. The resistance between two spots of ~1 cm separation on the Ir/Si substrate, where
copper wires were contacted with silver paste, was as low as about 10 k€, showing Ohmic
characteristics in current—voltage curves. To form a very thin dielectric layer on the Ir/Si substrate,
artificially synthesized phlogopite mica (10 mm x 10 mm x 0.5 mm, Itoh Kikoh Co., Ltd, Tokai,

Japan) was mechanically exfoliated and affixed on the Ir/Si substrate using a polyurethane hand roller
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which explained in the flow chart Fig. 4.1; also see the detailed preparation process explained in
chapter 3. The thickness of exfoliated mica films was the integer multiples of 1 nm as the unit
thickness of cleavage to the c-axis of the mica, usually ranging from 3 to 15 nm; named mica

nanosheet. Since the sample was prepared in air, to remove water adsorbed on its surface, the sample
was heated on the heating stage of the AFM at 120 °C for ~2 hours inside the chamber filled with

pure Ar gas. After being cooled in the chamber, the sample was examined using the FM-AFM in the

Ar gas.

Under a bias voltage as high as a few volts between a tip and a sample, the dominant force
acting between the tip and the sample would be the electrostatic attractive force, when the tip—sample
separation is wider than nanometers. Therein, the oscillating tip induces the displacement current (lq)
through the capacitance (C) between the tip and the sample that are electrically connected as a loop.
When the loop has a resistance in series, represented by R;, the displacement current generates Joule
heat, which dissipates the mechanical energy of the tip oscillation. The Joule heat (D;) over one cycle

of tip oscillation with frequency f is calculated as follows [32]:

1 1
= - /d 2 d 2
Dy = [I13Rydt = J7(55)" (Vs = Vepp)? Ry dt = (Vs — Vepn)?Ry [} () de. (28)

Here, Vs is the sample bias voltage, and Vcpp is the contact potential difference (CPD) between the

tip and the sample. Meanwhile, the electrostatic attractive force (Feie) is expressed as follows [32]:

1dc
Fele = EE(VS - VCPD)2 ) (29)

where z is the tip—sample separation. Assuming that z is less than the tip radius (r«p) [38], we can
derive the following equation,
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Figure 4.1: Profiling of mechanical exfoliation and affixing technique using polyurethane hand roller

approach. Subsequent rolling over the bulk mica followed by second rolling on the Ir/Si substrate left

mica nanosheet on the substrate, summarized completely by 5 steps.
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Tti
Fele = —T& %(Vs - VCPD)2 ) (30)

where & is the permittivity of vacuum. During continuous imaging, the tip position was scanned over
the bare Ir/Si and mica surfaces. When the tip is placed over the mica nanosheet with thickness h and
the relative dielectric constant &, as shown in Fig. 4.2 (a), z in eq. 30 should be replaced by z+h/er,
according to ref. 40, by approximating the capacitance between a tip and a sample covered with a
thin dielectric film. If the minimum tip—sample separation is d, eq. 30 can be rewritten by replacing
z = d+A(1+cos(2xnf)) by z = d+h/e+A(1+cos(2xf)) for the cantilever oscillating over the mica
nanosheet. Then, the frequency shift due to the electrostatic force (Afere) is calculated as below, under
a large amplitude approximation (d<<A), where d is the minimum tip—sample separation [31],

foTeoTtip 1

Afele = - \/EkA?’/Z (d+h/8r)1/2 (VS - VCPD)Z' (31)

Under the above approximation, we also obtain the equation for D; on the basis of eq. 28 using
dC/dz = -2meoriip/(d+h/e), as follows [32]:

1
D] = 8\/§7T4£gf0A1/2thipR] W (VS — VCPD)Z.(32)

Meanwhile, when dielectric films like the mica nanosheets cover the substrate under the alternating
electric field induced by the tip oscillation, the electric dipoles in the mica nanosheets are forced to
be parallel to the electric field. Even though the directional change of the dipoles under tip oscillation
would be mostly elastic, the dipoles do not instantly respond to the change of the electric field.
Consequently, the time delay causes energy dissipation, which is known as dielectric energy loss.
When the dielectric energy loss of the mica nanosheet is large, R; in eq. 32 can be replaced by the
term (R + rmsin2s), as described in Appendix I1. Here, rm is a resistor in parallel with a capacitance
Cm in an equivalent circuit of the mica nanosheet, as shown in Fig. 4.2 (b), and ¢ is the phase
difference of the complex dielectric function of the mica nanosheet. Comparing eq. 31 with eg. 32,
the following linear relationship between Afele and D; is derived by canceling (d+h/er) and (Vs—Vcrp)
in egs. 31 and 32 [32],

Dy = —16m3gok A% 1yip (Ry + 1y Sin® 8) X Afye. (33)

Thus, to study the relationship between D; and Afee, and to evaluate the value of (R;+ rmsin®), we
experimentally took the curves of Dgis and Af as a function of Vs for the samples partly covered with
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the mica nanosheets of different thicknesses. It is noted that (R; + rm sin®s) becomes R; in eq. 33 for
the bare Ir/Si substrate.

(a) | (b)

La l T Coap

P lITm Ile
..... ;Z Mica nanosheet &, Ih grm ey

Ir layer Mica
nanosheet

Si substrate La l

Ir layer

Fig. 4.2: (a) Schematic of the tip and the Ir/Si substrate partly covered with the mica nanosheet with
thickness h and relative dielectric constant &.. The tip is scanned by the FM-AFM over the sample
with separation z between the tip apex and the sample surface under the bias voltage Vs. (b)
Equivalent circuit representing the tip—sample system. The mica nanosheet is represented by a
capacitor of Cry with a parallel resistor of rm as dielectric energy loss. The gap between the tip and
the surface of the mica nanosheet is represented by a capacitor of Cgap. The displacement current Ig
passes through Cgasp, and is divided into Icm and Im, which respectively pass-through Cm and rm.

Details in Appendix II.

90



4.3 Results and Discussion:

Figures 4.3 (a) and (b) show the typical topographic FM-AFM image and the simultaneously
obtained dissipation image of the sample surface with mica nanosheets pasted on the Ir/Si substrate
at Af = —40 Hz at a sample bias voltage (Vs) of -5 V. The mica nanosheets with some rectangular in
shape were found in Fig. 4.3 (a). The surface of the bare Ir/Si substrate, in the upper and left regions
of Fig. 4.3 (a), seemed smooth and had no noticeable features. The cross-sectional line profiles along
lines A and B, in Fig. 4.3 (a), across the regions of the mica nanosheets and the bare Ir/Si substrate
are shown in Figs. 4.3 (c) and (d), respectively; the thickness of the nanosheets was approximately 4
nm, corresponding to 4-layer mica, and the regions as the mica nanosheets were overlapped, denoted
by the red arrowheads in Fig. 4.3 (a), had the height of approximately 8 nm, which were the double
of 4-layer mica thickness. The mica nanosheets looked distinct from the bare Ir/Si substrate in the
topographic image but not in the dissipation image, even over the overlapped regions; these are also
seen in the cross-sectional line profiles of dissipation in Figs. 4.3 (e) and (f), whereas the noise level
of the dissipation was about 0.5 eV/cycle. Some prominent dots and a few faint strings on the mica
nanosheets were also not recognized in the dissipation image. The small dots on the mica nanosheet
could result from reactions with adsorbed water, or hydrocarbon residues in the preparation process,
as reported [35,39].
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Fig. 4.3: (a) FM-AFM topographic image of the mica nanosheets with 4-layer thickness (4 nm) on
the Ir/Si substrate in a scan area of 13 pm x 13 pum at Af = —40 Hz and Vs = -5.0 V. The regions
denoted by the red arrows in (a) indicate the regions of overlapped mica nanosheets. (b) dissipation
image simultaneously taken with (a). (c) and (d) cross-sectional line profiles along lines A and B in
(@), respectively. (e) and (f) cross-sectional line profiles of the dissipation along lines C and D in (b),
respectively. Lines C and D in (b) are identical to lines A and B in (a), respectively, in the planar
coordinates.
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Figure 4.4 (a) shows the topographic image of the mica nanosheet with a thickness of 11 nm,
taken at Af =—-45 Hz and Vs = -5.0 V, below which the cross-sectional line profile is presented (Fig.
4.4 (c)). The mica nanosheet with a few small dots was clearly observed in Fig. 4.4 (a). Contrasted to
the dissipation image of the 4-layer mica nanosheet in Fig. 4.3 (b), the simultaneously obtained
dissipation image of Fig. 4.4 (b) faintly shows the shape of the mica nanosheet, corresponding to that
in Fig. 4.4 (a). The cross-sectional line profile of the dissipation in Fig. 4.4 (d) indicated slightly
higher dissipation by ~1 eV/cycle on average over the mica nanosheet, compared with that over the

Ir/Si substrate, having the averaged value of dissipation of ~9.3 eV/cycle.

We conducted the same observation for 8- and 15-layer mica nanosheets which are shown in
Fig. 4.5 (a)—(d) with their corresponding line profiles below the images. We found a tendency that
the shape of the mica nanosheets in the dissipation images was slightly more noticeable with the
increasing thickness of the mica nanosheet. In Fig. 4.5 (a) and (b) where 8-layer mica nanosheet had
been focused showed no dissipation contrast, but the folded region where the thickness of mica
nanosheet becomes doubled (upper left segment for ~16 nm) or higher (lower left segment for ~20
nm) showed faint contrast similar to that of 11-layer discussed above. When we performed the
experiment for 15-layer mica nanosheet (Fig 4.5 (c) and (d)), the dissipation contrast is clearly
observed revealing the dependence of dissipation on mica thickness. Here, the scratches correspond
to tip retraction to preserve the tip from unexpected damage due to any sharp objects appearing in its

scanning path during fast scanning.

Figures 4.6 (a)—(f) show the curves of Af and Dgis as a function of the tip—sample separation at
Vs = 5.0 V, taken over the regions of the Ir/Si substrate, which were far laterally from the mica
nanosheets shown in Fig. 4.3, and the mica nanosheets with 4- and 11-layer thicknesses, the images
of which are shown in Figs. 4.3 and 4.4, respectively. The curves of Af showed decreases with
decreasing separation, indicating that the attractive forces acted between the tip and the sample. The
separations at Af =—40 Hz and —45 Hz for the images in Figs. 4.3 and 4.4, respectively, and from the
curves of Af, were roughly estimated to be wider than a few tens of nanometers. At the separations,
the resultant attractive forces acting between the tip and the sample were estimated to be ~1 nN by
Sadar—Jarvis method [37]. On the other hand, the curves of Dgis increased with decreasing separation
over a few hundreds of nanometers. It is noted that the increase in Dgis Was steeper at the closer

separations for the thicker mica nanosheets.
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Figure 4.7 shows the curves of Af and Dygis as a function of the sample bias voltage (Vs), taken
at the same positions as those in Fig. 4.6. All the curves showed quadratic behaviors; according to
egs. 31 and 32, Afee and D; are proportional to (Vs—Vepp)?. Thus, by subtracting an offset value, we
can extract the values of Afele and D; from Af and Dyis in Fig. 4.7, respectively; Af and Dgis include the
contribution from the van der Waals interactions that have no bias-voltage dependence. Using egs.
31 and 32, we also estimated the values of Vcpp; Af and Duis curves exhibit the maximum and the
minimum at Vs = Vcpp, respectively. For the Ir/Si substrate, Vcep was +0.1 V for both Af and Duis
curves, and 0.0 V for 4-, 8-, 11-, and 15-layer mica nanosheets for both Af and Dgis curves. This
implies that electric dipole layers were formed at the interface between the mica nanosheet and the
Ir/Si substrate and/or at the interface between the surface of mica nanosheet and the Ar gas
environment, but almost no net uniform charges inside the mica nanosheets, because Vcpp did not
change with increasing thickness of mica nanosheets. Notably, the value of Dgis at Vs=Vcpp Was
almost zero. This indicates that the long-range attractive forces such as van der Waals interactions
did not contribute much to the energy dissipation, which was less than the detection limit of our

measurement system.
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Fig. 4.4: (a) FM-AFM topographic image of the mica nanosheets with 11-layer thickness (11 nm) on
the Ir/Si substrate in a scan area of 15 um x 15 um at Af = —45 Hz and Vs = -5.0 V. (b) dissipation
image simultaneously taken with (a). (c) cross-sectional line profile of the height along the line in (a).
(d) cross-sectional line profile of the dissipation along the line in (b). The line in (b) is identical to
the line in (a) in the planar coordinates.
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Fig. 4.5: (a) FM-AFM topographic image of the mica nanosheets with 8-layer thickness (8 nm) on

the Ir/Si substrate in a scan area of 30 um x 30 um at Af = -60 Hz and Vs = 5.0 V. (b) dissipation

image simultaneously taken with (a). (c) topographic image of the mica nanosheets with 15-layer

thickness (15 nm) on the Ir/Si substrate in a scan area of 35 um x 35 pum. (d) simultaneously taken

dissipation image faintly shows 15-layer mica nanosheet. The corresponding line profiles are shown

below the images.
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Fig. 4.6: (a) and (b) curves of frequency shift (Af) and dissipation (Dgis) as a function of the tip—

sample separation (distance), respectively, taken at a point over the Ir/Si substrate at Vs = -5.0 V,

which was far from the mica nanosheets in Fig. 4.3. (c) and (d) Af and Dyis as a function of the distance,

respectively, taken at a point over the 4-layer mica nanosheet, after the images in Fig. 4.3 were
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observed. (e) and (f) Af and Dgis as a function of the distance, respectively, taken at a point over the

11-layer mica nanosheet, after the images in Fig. 4.4 were observed.
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Fig. 4.7: (a) and (b). curves of frequency shift (Af) and dissipation (Dgis) as a function of the sample
bias voltage (Vs), respectively, taken at a point over the Ir/Si substrate, which was far from the mica
nanosheets in Fig. 4.3. (¢) and (d). Af and Dqis as a function of Vs, respectively, taken at a point over
the 4-layer mica nanosheet, after the images in Fig. 4.3 was observed. (e) and (f). Af and Dyis as a
function of Vs, respectively, taken at a point over the 11-layer mica nanosheet, after the images in

Fig. 4.4 was observed.

In comparison of the curves in Fig. 4.7, it is noticeable that Dgis for the 11-layer mica nanosheet

more increased with increasing bias voltage than the others in Fig. 4.7, roughly 4 times, while Af
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curves looked similar. Then, we looked into the relationship between D; and Afele, extracted from Duis
and Af, by making the plots of D; as a function of Afele as shown in Fig. 4.8. For all samples, including
the 8- and 15-layer mica nanosheets, D; increased proportionally to Afee, Which agreed to the
relationship of eq. 33. From the slope of D; with respect to Afele, we evaluated the values of (R + rm
sin29) in eq. 33, in which the dependence of the tip—sample separation (d) was canceled; the results
are summarized in Table I. The value of (R; + rm sin®s) did not change much between the Ir/Si
substrate and the 4-layer mica nanosheet, which was ~4 GQ. However, it increased to 6 and 15 GQ
as the thickness of mica nanosheet increased from 8-layer to 11-layer. Meanwhile, the value for 15-
layer was the same as that of 11-layer. It is worth mentioning that the linear relationship of D; with
respect to Afele did not change on the polarities of £(Vs—Vcrep), differently for the semiconductor
surfaces reported in ref. 32. This implies the metallic surface properties of both of the substrate and
tip in the present study, as well as the insulating properties of mica nanosheets, different from

semiconducting properties.

Table I: (R; + rm sin?0) values representing the electrical resistance for Joule heat dissipation,
evaluated from the slopes of D; with respect to Afele in shown Fig. 4.8. The tip radius (rip) was

assumed to be 25 nm as the nominal value for the calculation of resistance using eq. 33.

I1/Si substrate 4-layer mica 8-layer mica 11-layer mica 15-layer mica
nanosheet nanosheet nanosheet nanosheet
3.8GQ 4.2 GQ 6.1 GQ 15 GQ 15 GQ
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Fig. 4.8: Dissipation (Dy) as a function of frequency shift (Afele) due to the electrostatic force: (a) for
the Ir/Si substrate, plotted from Figs. 4.7 (a) and (b); (b) for the 4-layer mica nanosheet, plotted from
Figs. 4.7 (c) and (d); (c) for the 11-layer mica nanosheet, plotted from Figs. 4.7 (e) and (f). The zeros
of Dy and Afele are adjusted as the values of Ddis and Af at Vs=Vcpp are zero, respectively.

Here, we discuss the origin of electric resistance expressed as (R;+ rmsins), which is evaluated
from the slope of D; as a function of Afee. As described in 4.1 Introduction, the oscillating tip under

a bias voltage (Vs # Vcrp) could cause the oscillatory motion of surface charges of the sample and the
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tip along their surfaces, as shown in Fig. 4.9, representing the bare Ir/Si substrate with no mica
nanosheet. In this case, the resistance term (R; + rm sin?s) simply becomes R;. The motion of the
charge would be scattered by the surface atoms and electrons, resulted in Joule heat through inelastic
scattering. The amount of Joule heat is responsible for the mechanical energy dissipation of the
oscillating cantilever. Noted that, in the present study, the tip—sample electrical connection via the
bias voltage source had a resistance much less than G(2, as the resistance of the Ir/Si substrate was as
low as 10 kQ; the other parts were connected using conductive wires and films, including the Pt-Ir
coated conductive Si cantilever. Therefore, it is deduced that the Joule heat occurred on the surfaces

of the tip and the sample.

Next, we estimate the surface resistance responsible for R; on the basis of Drude model [40].

According to the model, the resistivity of metal (p) is expressed as follows:

. (34)

where n is the electron density, e is the elemental charge of an electron, t is the relaxation time of

electron in metal, and m is the electron effective mass. Then, Joule heat (w) per unit volume becomes

mv? m
W=n—=—
T ne2t

(nev)? = pi?, (35)

where v is the averaged electron velocity, and i is the electron current density. Here we assume that
the charge density (ns) and the relaxation time (zs) at the surfaces are different from those in bulk, as
well as the resistivity at the surface (ps); that is, ps = m/(nse? zs). Then, we can derive the following

equation:
N ()
w=poo—it (36)

Furthermore, we assume that the current isotropically spreads and converges periodically along the
sample surface from the point just under the tip, the Joule heat generated in a volume of a thin ring
with radius (r), a thin width (Ar), and a thin thickness (h) is expressed as follows, in the frame of

cylindrical coordinate system with the axis along the tip:

nT. nrty/ I z
AW = p——i? X 2nr (Ar)h = p——( > x 2mr (Ar)h

Ng Tg ng Tg \2nrh
_ n T 2 Ar n T 2 Ar 37
T FPaghrg T 2mr D ojers ¥ 2nr (37)
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where ¢ is the surface charge density and I (=2zrhxiy) is the current perpendicularly passing the circle
with radius r on the surface (ir is the radial component of current density). The current I, passes
dominantly in a surface area of the shape of a donut with an inner diameter size comparable to the tip
radius (rip) and an outer diameter size slightly larger than rsp, because the value of I, should be zero
at r=0, just under the tip, owing to a finite value of ir on the basis of the continuity of equation as
10(iyr) 100

—— = 0 in the cylindrical coordinate system. Furthermore, the value of I; should also be

zero at r=wo, because the current finally flows into the electrical contact area formed on the sample as
an electrode in reality. By integration of eq. 37 over the donut-like region, the total Joule heat D; is
estimated. By ignoring the geometric factor of Ar/2xr, Dy is roughly regarded as RyxI%. Then, we

derive the equation below:
Ry = p (nlale) (tlts). (38)

For instance, we approximate ¢ = Vs /d for d=15 nm, then o/e = ~10% m=2. In general, for metal, n
=~108m=3 p=~10%Qm, and r = ~10* sec. Then, for R; = 10° Q that was evaluated of the order
of magnitude in our experiments, s becomes 107X° sec. This value is close to the relaxation time in
electrostatic induction for metal, given by g [41], which is derived from the continuity of equation
along with Ohm’s law. This seems reasonable because we observed the oscillatory motion of charges
induced the tip oscillation under the bias voltage, which is interpreted as electrostatic induction.
Although this is a rough estimation, the surface scattering with zs of moving charge in a very thin
layer at the surface is possibly evaluated locally via the measurement of energy dissipation by the
FM-AFM. Significantly, a similar amount of Joule heat is also generated on the surface of the tip.
The amount of the heat can be estimated to be of the same order of that on the sample surface, which
can be evaluated by changing the coordinate system from the cylindrical one for the flat sample
surface to the spherical coordinate system for the tip apex. It should be noted that the evaluated value
of Ry is the sum of the Joule heat at the surfaces of the tip and the sample. At present we have no
experimental method to distinguish the Joule heat at the sample from that at the tip, but the local

variation of Joule heat over the sample surface can be probed by use of the same tip.

In the measurement of energy dissipation for the 4-layer mica nanosheet (Fig. 4.3), the value
of (Ry + rmsin®s) was almost the same as that over the bare Ir/Si substrate. This indicates that the
Joule heat at the interface between the 4-layer mica nanosheet and the bare Ir/Si substrate did not
change so much in comparison with that on the bare Ir/Si substrate. It is deduced that the inelastic

scattering characteristics at the interface, e.qg., zs, would be close to that at the surface of Ir/Si substrate

102



according to eg. 38, because ¢ does not change much for coverage with the very thin mica nanosheet
as a dielectric layer. In our experiment, the sample surface and the tip surface were possibly covered
with hydrocarbons, so that the inelastic scattering might be governed by the hydrocarbon layer, which
likely existed between the mica nanosheet and the Ir/Si substrate. It implies that the high value of R;
reflects the frequent degree of inelastic scattering at the interfaces, where the symmetric and periodic
structural conditions are broken and contact methods such as multi-probes cannot directly explore
because the probes inject the carriers through the contact regions; the injected carriers tend to run into
a path slightly deeper from the interface, seeking a minimum resistance path from the probe to another

probe.

Here, we note the features of the FM-AFM observation for the mica nanosheets. Under a
strong attractive electrostatic force, it can be regarded that Afele over no mica nanosheet equals Afee
over the mica nanosheet during the FM-AFM scanning in the constant Af mode. Equation 31 shows
that Afele is a function of (d+ h/er), where d is the minimum separation between the tip and the sample
surface, and h is the thickness of the mica nanosheet. Here, we define d;r as the minimum separation
over the bare Ir/Si substrate, namely for the case of h=0, and dm as the minimum separation over the
mica nanosheet. Then, from Afeie(dir) =Afeie(dm+ h/er), we can extract the relationship of dir = dm+ h/er,
under almost constant of the term of (Vs—Vcpp) in this study. This relationship indicates that the tip—
sample capacitance averaged over the cantilever oscillation is regarded as constant during the
scanning.“? Accordingly, to discuss the effect of coverage with the mica nanosheets on the dissipation
in the next paragraph, we will adopt the condition of the constant capacitance. In addition, it is worth
mentioning that the topographic height difference between the Ir/Si substrate and the mica nanosheet
is calculated as (dm +h) — dir = h — h/er= h (1— 1/er), which is measured from the surface of the substrate
(Fig. 4.2 (a)). This means that the thickness of the mica nanosheet could be evaluated to be less by a
factor of (1- 1/er). For the mica with &=7, the thickness would be underestimated by about 14%. In
fact, because Af includes the effect of the attractive van der Waals forces, the factor would be less. In
this study, we presented the thickness of the mica nanosheets evaluated from the raw measured height

difference.

The value of (R; + rmsin?s) increased with the increase in thickness of the mica nanosheet up
to 11 layers; the value for 8 layers was 6.1 GQ and the values for 11 and 15 layers were 15 G(, as
summarized in Table I. We took the data consecutively from the bare Ir/Si substrate with the same
tip, and finally, the value for the bare Ir/Si substrate was confirmed to be ~4 GQ, which was the same

value at the beginning of the measurement. This means that the tip did not change much during the
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measurements. Accordingly, the increase in (R;+ rmsin2s) could be attributed to the properties of the
thicker mica nanosheets. As described in the section of Experimental methods, the electric dipoles in
the mica nanosheets as a dielectric are forced to be parallel to the electric field under the tip and
respond to the field alternating at high frequency. The directional change of dipoles in the mica
nanosheet by the tip oscillation would be mostly elastic. However, since the dipoles do not instantly
respond to the change of the electric field, the time delay causes energy dissipation. It is known that
the dielectric energy loss of phlogopite is about 0.2 % or less as tand in the frequency range of 200 —
400 kHz [44, 45].

As tabulated in Table I, the values of (R + rm sin®s) for 4-, 8-, 11-, and 15-layer mica
nanosheets tended to increase with their thickness, though the increase was not uniform. Assuming
that each mica layer has the same value of rm and sin% is 4x1075, the average value of ry per one
layer for those samples was estimated to be 0.16x10° GQ from the differences from the value of Ry
for the Ir/Si substrate. Since tand=1/(ew rm Cm) (=2x103), Cm for the one-layer mica nanosheet is
evaluated to be ~2 aF for w=2nfo=2nx(265.8 kHz) as the fundamental frequency of the cantilever
oscillation, though the displacement current lq, passing between the tip and the sample (Fig. 4.2 (b)),
contained integer multiples of the frequency of fo as l¢ = dC(z)/d t, where z = d + (1+A) xcos(2xfo)
[32]. Using a parallel capacitor model, Cn = o &r (area/h), the value of area is roughly estimated as ~
(6 nm)>2. Although the tip radius is larger than 6 nm, the estimated value of Cr, is plausible for our
tip—sample system. On the other hand, if the value of Cr is measured, for example, using scanning
capacitance microscopy (SCaM) techniques [46],independently from the measurement of the
dissipation energy, tano representing the feature of dielectric energy loss can be evaluated using the
value of rm sin® as measured in this study. In general, tand is very small, so tand = sind. Under this
approximation, tand would be evaluated with the values of (rmsin?s) and Cr as below. First, we obtain
the following equation:

= 1/(w (1,5in%6)Cp,)/sin?4. (39)

mCm

tand =

So, eq. 39 can be changed as below:
tand sin™28 = 1/(w (1;,5in28)Cpy). (40)
Since (tané sin26) =~ tan™s under the approximation of small J, we obtain the equation for tand,

tand = w Cy, (1,Sin?38). (41)
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Although at present we did not get the value of Cm, the FM-AFM with the capability of measurement
of the dissipation energy, combined with SCaM techniques, would be a powerful tool to probe the

local electronic properties for such composite devices covered with dielectric ultra-thin films.

According to ref. 47, the potassium (K) layer between the tetrahedral and octahedral layers of
aluminosilicate and magnesia of phlogopite could contribute to the dielectric energy loss, through the
jump of K ions responding to the change in an electric field. The K layer is the cleavable plane of the
mica, and the binding force between the tetrahedral and octahedral layers with a separation of ~ 0.35
nm is weak. The K atoms would slightly move in the separation under the alternating electric field
with a time delay, resulting in dielectric energy loss. In addition, the mica exhibits the intercalation
of impurity ions and water molecules in the separation, though the artificially synthesized phlogopite
is purer than natural micas. Those intercalated impurities might also contribute to the energy loss. For
further analysis of their contribution to the energy loss, it is crucial to control the purity of the sample
in the preparation processes. Although the mechanism of increase of the dissipation with the thickness
of mica nanosheets is not fully understood at present, the dissipation measurement using the FM-
AFM has the potential to study the nanoscale properties of metallic and dielectric materials on a

nanoscale, through the dynamic behaviors of materials responding to the tip oscillation.
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Fig. 4.9: Schematic illustration of the surface charges on the sample and the tip, moved by the
oscillating tip under a bias voltage. (a) tip approaches to the sample surface. (b) tip retracts from the
sample surface. The motion of the surface charges results in current flow on the sample surface in
axial symmetry with the tip axis. The grey ring on the surface shows the virtual region to calculate
the symmetric surface current passing through it using the continuity of equation. On the surface of
the tip, the current flows approximately in the spherical symmetry.

4.4 Conclusions:

We measured the mechanical energy dissipation using the FM-AFM with the conductive Si tip
coated with Pt-Ir for the Ir-coated Si substrate partly covered with the mica nanosheets having
different thicknesses while observing FM-AFM topographic images. The dissipation images
simultaneously obtained with the topographic images showed no contrast for the 4-layer mica
nanosheet with respect to the substrate, but faint contrast for the thicker mica nanosheets. We
measured the curves of Joule heat (D;) and the resonance frequency shift (Afeie) due to long-range
electrostatic force as a function of the sample bias voltage. The plots of D; as a function of Afele
derived from the curves evidently showed the linear relationship for all samples with the mica
nanosheets with different thicknesses. The importance of the equation expressing the linear
relationship between D; and Afee lies in the independence from the tip—sample separation and the bias
voltage for the analysis of the surface and interface electronic properties. From the slopes, we
evaluated the resistance value of (R;+ rmsins) representing the dissipation energy to heat; which was
of the order of magnitude of G, and tended to increase with increasing thickness of the mica
nanosheets. We discussed the large values of the resistance in terms of surface scattering of charges
along the surface, which were moved by the oscillating tip under a bias voltage, and the dielectric
energy loss in the mica films. Through this study, we emphasize that the mechanical energy
dissipation channel of the FM-AFM with a conductive tip under a bias voltage has the potential to
reveal the nanoscale electronic properties at surfaces and interfaces via long-range electrostatic

interaction in non-contact.

Appendix I: Evaluation of the excitation of cantilever oscillation in our FM-AFM setup via

transfer function
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In order to accurately measure the mechanical energy dissipation through nonconservative
forces acting between a sample and a tip on the oscillating cantilever in an FM-AFM, it should be
recommended to assess the efficiency of excitation of the cantilever oscillation in the FM-AFM setup
in terms of a transfer function, where the cantilever is conventionally oscillated mechanically via a
vibrating piezo element (piezoacoustic excitation) as in this study. Because the mechanical coupling
between the cantilever and the piezo element is not always perfect as a rigid body, spurious features
in the frequency mechanical response often appear; for example, some specified frequencies of the
excitation signal to vibrate the piezo element extraordinarily enhance the excitation of the cantilever
oscillation, which could lead us to measure false “apparent” damping.®® Because the specified
enhancement enlarges the magnitude of the excitation even if the true damping (dissipation) to be
measured is constant, the evaluated dissipation looks less under the feedback condition of constant
amplitude of the cantilever oscillation. Such mechanical features can be evaluated in terms of the
amplitude transfer function (T(f)) as a function of frequency (f), which is defined as the ratio of the
amplitude of cantilever oscillation (A(f)) with respect to the amplitude of piezo excitation signal
(Vext(f)). The transfer function T(f) sometimes shows forest peaks as a function of f. Here, we show
that T(f) in our setup exhibited a flat feature over the frequency range for the data in the main text,
which was derived by the following experimental procedures referring to the protocol proposed by
Labuda et al [38].

1. First, the cantilever used in this study was acoustically excited via the piezo element at a far
tip—sample separation. After the tip was brought closer to the sample using the FM-AFM
setup, the distance feedback controller of the setup was inactivated to fix the tip position.
Subsequently, the tip was lifted up several tens of nanometers.

2. The piezoacoustic excitation was stopped, and a sinusoidal voltage signal was applied to the
sample, which caused alternating electrostatic forces between the tip and the sample, to excite
the cantilever oscillation. While the resonance frequency was searched by sweeping the
frequency of the electrostatic excitation, the amplitude of the sinusoidal voltage signal (Vext)
at the resonance was adjusted so as to give almost the same amplitude of cantilever oscillation
as that by the piezoacoustic excitation (A= 20 nm and Vex:= 8.5 V in this study). The resonance
frequency was 264.8 kHz, lower than fo = 265.8 kHz at the far tip—sample separation under a
sample bias voltage of 0 V. Because the excitation via the electrostatic excitation at the
frequency (v) was not enough to successfully excite the cantilever oscillation at f = v owing

to the output limitation of our voltage source for the sinusoidal signal (noted that the
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electrostatic force is proportional to (Vex: cos(2mvt) — Vepp)?, and Vepp = 0 V in this study), we
used the doubled frequency (2v) of the electrostatic excitation to excite the cantilever
oscillation at f = 2v.

3. The amplitude responses as a function of f were measured by the sweep of frequency (v) of
electrostatic excitation. To infer the detailed response, the sweeping ranges for f (= 2v) were
set to 240-290 kHz as wide, 264-267 kHz as middle, and 265-266.4 kHz as narrow.

4. Next, we changed the excitation from electrostatic to piezoacoustic. The sample bias voltage
(Vs) was adjusted as the frequency at the peak amplitude of cantilever oscillation became
almost the same as the peak frequency by electrostatic excitation; Vs was found to be -3.0 V.
Subsequently, we swept the frequency f from 240 to 290 kHz as wide, 264—267 kHz as middle,
and 265-266.4 kHz as narrow, similarly to item 3.

5. To derive the amplitude transfer function as a function of frequency for the middle and narrow
frequency ranges, we divided the measured amplitude of cantilever oscillation in the acoustic
excitation by that in the electrostatic excitation at the same frequency, after eliminating the
floor noise as described below.

Figures Al (a) and (b) show the measured root-mean-square amplitude responses as a function
of the frequency for the wide range. For the electrostatic excitation, the value of excitation frequency
for the x-axis was doubled as f = 2v. For a forced harmonic oscillator with damping, the measured
root-mean-square amplitude Arms(f) at frequency f is expressed as below:

F2

Arms(f) = " ;
J ZRz[{l_(%) [ +() ]

where F is the amplitude of the force to excite the cantilever, k is the spring constant of cantilever,

+n?, (A-1)

and n is the floor noise. The measured amplitude responses were numerically fitted to eq. A-1 using
fitting parameters of F/k, fo, Q, and n, as shown in the red solid lines in Fig. Al (a) and (b); the floor
noise n was estimated to be approximately 1.3 nm. The amplitude response for the electrostatic
excitation shows a better agreement to the fitted curve, in particular, around the peak tails, compared
with that for the piezoacoustic. This means that the electrostatic excitation holds the advantage to
extract the transfer function as an ideal excitation method without spurious features, as proposed by
Labuda et al [38].

Figures A1(c) and (d) show the measured root-mean-square amplitude responses for the middle

and narrow frequency ranges, and the derived amplitude transfer functions, which were calculated
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after the floor noise n was subtracted using eq. A-1 and normalized to be one at the intrinsic frequency
fo of 268.5 kHz. In the main text, the concerning frequency range for our examination of the
dissipation was from fo to fo—50 Hz. In the range, the transfer function exhibits flat with random noise
(see Fig. Al (d)). This indicates that the piezoacoustic excitation in our FM-AFM setup did not
provide apparent damping much, which would be less than the noise level. That is, the correction
prefactor could be regarded as one in the frequency range. Although the phase transfer function could
also give the apparent damping through a sine term in the prefactor, the effect would be ignored in
our study, because the phase shift measured in the frequency range of 50 Hz below fo was around 1°
[38].
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Fig. Al. (a) and (b) root-mean-square amplitude responses of the cantilever as a function of
frequency for excitation by piezoacoustic and electrostatic, respectively, in the wide frequency range.
The red curves show the curves fitted to the responses using eq. A-1. (c) and (d) root-mean-square
amplitude responses in the middle and the narrow frequency ranges, respectively, and the amplitude
transfer functions derived from the ratio of the response by piezoacoustic to that by electrostatic. The
black rectangle symbols denote the plots by piezoacoustic excitation, the blue triangles denote the
plots by electrostatic excitation, and the red circles denote the transfer functions. The smoothened
transfer function is shown by the purple solid line in (d). The red arrow below the lateral axis indicates

the intrinsic cantilever frequency of fo = 265.8 kHz.
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Appendix Il: Contribution to Ds from mica nanosheets with dielectric energy loss using an

equivalent circuit

To represent the electrical response of the dielectric thin film (mica nanosheet in this study) on
a metal substrate, an equivalent circuit diagram, as shown in Fig. 1(b), can be used with a capacitor
of Cm with a parallel resistor of rm. In Fig. 1(b), we denote the gap between the tip and the surface of
the mica nanosheet by a capacitor of Cgap. We assume that the alternating displacement current Ig
with angular frequency w passes through the circuit, which is induced by the tip oscillation over the
mica nanosheet. Then, the equation of tand=1/(ew rm Cm) that expresses the degree of dielectric energy
loss can be derived from the resultant impedance of the equivalent circuit of the mica nanosheet. The
displacement current lg passing Cggp is divided into lcm and Irm, which are the currents passing in Cm
and rm, respectively, as l¢ = Icm + Iim. The resistance value of ry is much larger than the impedance
value of the capacitor of mica nanosheet as 1/(w Cm), because tano is known to be about 0.2 % or less
for the phlogopite in the frequency range of 200 — 400 kHz.*+*9) Accordingly, we can approximate
the current of 14 as the current passing in the series circuit of Cgap and Crm. Namely, the current of Iq
is given by dC/dt x (Vs—Vcpp), as appeared in eqg. 2 in the main text, where 1/C = 1/Cgap + 1/Cpn.
Meanwhile, the current of Iim can be expressed as

.1

_ 1-jowrmCm _ ; Y Jtns _ . . . )
I =14 Tr ooy = I4 . =1Iysind (sind —jcosd), (A-2)

where j is the unit of an imaginary number. Thus, the dissipated power P at the mica nanosheet is

expressed as
P =1yl I} = 1y|l4)%sin? 6, (A-3)

'm™TI'm

where 1" is the complex conjugate of I. By referring to eq. 2 describing the Joule heat for the bare
Ir/Si substrate, the above dissipation power P can be inserted into eq. 2 as an additional term as

follows:

Dy = fof I3 (Ry + 1y sin? 8)dt. (A-4)

After all, the term of R; in eq. 7 can be replaced by (R; + rm sin®s) for the coverage with the mica

nanosheet:

D; = —16m3eok A*1yip(Ry + Ty SIN® 8) X Afge.  (A-5)
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It is noted that sin?s becomes as small as 4x10°°, because ¢ for the mica is very small as tand ~ 0.2 %
[44, 45].
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Chapter 5: Summarization and Future Prospects

5.1 Summary:

The summary of our entire research work is as follows —

We have measured the mechanical energy dissipation of an oscillating cantilever at a range
where the long-range attractive forces were crucial for an Ir-coated conductive Si (Ir/Si) substrate
partially covered with mica nanosheet for varying thicknesses under a sample bias voltage using FM-
AFM. The discrete thickness of the mica nanosheet with apparently larger dimensions was exfoliated
mechanically. The topographic imaging and dissipation mapping were performed simultaneously
over the bare Ir/Si surface and the mica regime containing 4-, 8-, 11- and 15-layer nanosheet. When
we observed a very sharp topographic contrast allowing us to measure the mica height accurately as
well as with notable features between bare Ir/Si and mica layers specified above; here, however, the
dissipation was faintly appeared for only the thicker mica layers (i.e., 11- and 15-layer) with a trend
to be increased in dissipation concurrently with the increasing thickness. At imaging Af where the
separation gap between tip and sample was measured with few tens of nanometer, ~1nN force was

estimated numerically responsible for long-range interaction.

To justify the thickness-dependent energy dissipation frequently appeared in dissipation images,
and to find out the dominancy between long-range electrostatic and van der Waals interactions, we
measured the bias-dependent frequency shift (Af) and dissipation curves (Dgis) using spectroscopy;
separately and consecutively (started from Ir/Si and then on mica layers) for all layers. All the bias
voltage-dependent curves showed parabolic behavior by keeping their maxima and minima at contact
potential difference (CPD) estimated by fitting with the typical parabolic equations for the
corresponding surfaces. We observed a similarity in dissipation plots between the thin mica layers
(4-layer mica) and bare Ir/Si substrate even experimented separately. In comparison, the parabolic
behavior became sharper for 8-, 11-, and 15-layer nanosheets for almost the same Af from where the
guantitative energy dissipation was calculated for each layer. This supports the appearance of energy
dissipation (or faint contrast) related to the thick mica layer in the dissipation images summarized in

the first paragraph.
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As it is recognized that the van der Waals (vdW) interaction is independent of bias voltage, therefore,
we subtracted the offset value containing vdW and short-range interactions to get the pure
electrostatic (Afele) contribution and the corresponding energy dissipation which is regarded as Joule
heat (Dj). Additionally, from our experiment after minimization of vdW, we found almost zero

dissipation at Vcpp Which concludes that almost no effect of vdW for energy dissipation.

Finally, we considered the characteristics between Afele and Dy where we avoided the distance
and bias dependence. Our results showed that a linear relationship is constant for all layers as well as
bare Ir/Si except without the slope of the line. As a result, we calculated the slope to get the surface
resistance (R;) using dissipation equation which in this case in the order of GQ and is responsible for
Joule heat generation, numerically lower for bare Ir/Si and thin mica sheet but tends to be increased
for thick layer. Based on Drude model established for the metallic sample and using the continuity
equation of current, we showed that our measured resistance (R;) is valid because the surface
relaxation time (t5) estimated for electron movement using our calculated resistance supports
electrostatic induction. Even though the mica is being considered as a lossless dielectric sample, we
still encountered a higher resistance value for thicker mica which is possibly due to an unexpected
dielectric loss inside the mica nanosheet and needs further treatment. Lastly, we hope that such type
of electrical characterization using FM-AFM by preserving the tip and sample natural environment
will be added some extra new information for the nanodevice fabrication where the most demanded
properties such as resistance, capacitance, charge distribution on surfaces along with current
conduction, heat generation may differ from our expectation to the nanoscale from that of microscale.

5.2 Future Prospect:

FM-AFM-based characterization of 2D materials, nowadays, getting attention as it can extract
nanoscale surface properties by ensuring the environmental originality of the sample surface with
almost no or little damage which is essential for nanodevice fabrication. Based on our experience, we

can conclude the following prospects —
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* In the nearest future the definite open question regarding the tendency to increase the
resistance over the thicker mica layer will be reinvestigated and explained according to the

experimental results.

* As this present work is entirely focused on linear relationship between dissipation and

electrostatic interaction by removing distance and bias dependence, next we will try to modify

the dissipation equations including the mica dielectric constant (&) where distance

dependence with the relative electric field changing will be considered.

* Through our present research work, we found the mica layer folding phenomenon on Ir/Si
substrate i.e. thin layer of mica had been folded and made the folded region height doubled
concerning the unfolded region. We want to perform electrical characterization over this

region.

5.3 Probable Application:

» This method is applicable to observe energy dissipation and the elementary surface charge’s
behavior without considering distance and bias dependence for any surfaces under
electrostatic interaction consisting of metal, dielectric or semiconducting surfaces without

disturbing the tip—sample’s physical structure.
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