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ABSTRACT

This thesis presents development of a material metrology technique, which is shown to
quantify viscoelastic properties of a polymer film within the glass transition region. Designed for
nanoscale material characterization applications, heater integrated atomic force microscopy
(AFM) cantilever operates in contact resonance mode actuated by externally induced Lorentz
force. It is demonstrated that glass transition temperature (Tg) of polymethyl methacrylate
(PMMA) film can be detected reproducibly by monitoring contact resonance frequency of the
cantilever as a function of temperature. Also, the glass transition temperature is observed in the
terms of differential change of cantilever electrical resistance and differential power
consumption. Furthermore, employing a harmonic oscillator model to define tip-sample contact
interactions, viscoelastic properties of contact stiffness, viscous damping coefficient and elastic
modulus for the polymer film are measured as functions of temperature. In addition, multi-
frequency actuation for contact resonance is demonstrated providing qualitative material
properties. Besides, a mathematical approach is developed to model two-leg and V-shaped LCR
cantilevers as in the form of rectangular beam. Finally, local viscoelastic measurements taken on
66-63K PS-PMMA lamellar block copolymer film are presented. Also, nanomechanical surface
property mappings of both 37-37K PS-PMMA lamellar and 46-21K PS-PMMA cylindrical block
copolymer morphologies are provided. The technique introduced in this work has vast potential
to be employed for numerous nano-scale material applications, and eventually replace traditional
macro-scale thermophysical material characterization technologies providing local, reproducible

and non-destructive analyses.
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CHAPTER 1: INTRODUCTION

Investigation of material properties on the nanoscale has been enabled with invention of
the atomic force microscopy [1] (AFM). In the last decade, several AFM-based thermal and
mechanical metrology techniques [2-6] have been developed that provide measurements with
nanometer scale resolution. Spanning emerging applications of nanocomposite materials [7-8],
multiphase structures with nanoscale domains [9-10] and pharmaceuticals [11-12], the methods
are pronounced to be functional tools for material characterization purposes. However, those
techniques are limited to identify materials through either only thermal property measurements
or mere mechanical stiffness analyses. Besides, current thermophysical material characterization
technologies, such as Dynamic Mechanical Analysis (DMA), are suitable only for macro-scale
material applications which preclude investigation of local dynamics of heterogeneous samples.
Hence, temperature dependent analysis of mechanical material properties at the nanoscale has
become an immediate requirement. This thesis describes development of a quantitative
metrology technique to study local viscoelastic properties of materials in the glass transition

region.

State-of-the-art techniques for nano-scale material characterization can be classified
under two main domains: mechanical spectroscopy and thermal analysis. Mechanical
spectroscopy methods, such as contact resonance force microscopy (CR-FM), define tip-
substrate interactions through linear beam model [13] and develop constitutive equations for
numerous material properties (e.g. elastic modulus, indentation modulus). CR-FM has been
widely utilized to acquire topographical maps of mechanical properties on polymer surfaces [14-

15]. In addition, Lorentz contact resonance method [6] (LCR), recently introduced, is a
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promising imaging tool for identifying materials in a matrix based on stiffness differences.
However, CR-FM and LCR-AFM have not been implemented to temperature dependent
viscoelastic material measurements. Thermal analysis techniques, such as local thermal analysis
with heater integrated probes [4], enable point-based measurements for the glass transition
temperature of polymer films by monitoring deflection signal or electro-thermal properties of
cantilever. Also, the heated probes are employed with band-excitation atomic force acoustic
microscopy (BE-AFAM) technique [5,16]. BE-AFAM is demonstrated to estimate mechanical
properties of polymer films as a function of temperature based on contact resonance frequency
measurements. Nevertheless, BE-AFAM is not sensitive enough to display the glass transition
region in the terms of mechanical properties of materials. Consequently, the published works
have not used LCR-AFM technique with forced harmonic oscillator model to obtain viscoelastic

properties of materials in the glass transition region.

This thesis explores development of an AFM based quantitative material metrology
technique, VV-Lorentz, to investigate viscoelastic properties of polymethyl methacrylate (PMMA)
film in the glass transition region. It is shown that the glass transition temperature can be
detected with reproducible results by monitoring response of contact resonance frequency as a
function of temperature. Also, the glass transition temperature is measured in the terms of
differential change of cantilever electrical resistance. Besides, it is achieved to demonstrate for
the first time that differential power consumption of the cantilever discloses the glass transition
region clearly, defined with three distinct temperatures, being also in agreement with DSC
measurements. More importantly, responses of quality factor, contact stiffness, viscous damping
coefficient and elastic modulus with respect to temperature are shown to behave in accordance

with harmonic oscillator model.



CHAPTER 2: SYSTEM DESCRIPTION

2.1. Lorentz Contact Resonance Cantilevers

Figure 2.1 shows Lorentz Contact Resonance (LCR) cantilevers used in the experiments.
LCR cantilevers are designed to fulfill below defined cantilever operational goals and be
reconcilable with state of the art microfabrication technologies. Initially, the cantilever is aimed
to be quite soft providing first mode air resonance frequency of 30 kHz and have reduced
cantilever stiffness of 0.3 N/m for mechanical spectroscopy purposes. Having these properties,
LCR cantilevers sustain non-destructive contact resonance operations, which is immediately
required for soft materials. Then by extending segment length in free-end region of the cantilever
in which Lorentz force exerts, it is enabled to achieve the highest possible Lorentz force with
respect to the lowest amount of AC voltage supplied. Next, structural materials and the cantilever
should be compatible with current batch fabrication techniques. Fourth, microcantilevers should

be eligible to be operated in commercial AFMs.

100 ym

Figure 2.1 Scanning Electron Microscope (SEM) image of the LCR cantilever. The cantilever has high
phosphorous doped leg regions and a low phosphorous doped heater region near the tip.



The LCR cantilevers have two major parts; high doped single crystal silicon legs that are
225 pm long, 20 um wide and 1.5 um thick, and low doped free end heater region. The free end
region also includes a cone shaped sharp tip with 1 um height and 20 nm radius of curvature. The
cantilever used in this work has a spring constant of 0.35 N m™, and first mode air resonance

frequency of 30.5 kHz. Also, the cantilever electrical resistance is 1.35 kQ at 25 °C.
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Figure 2.2 Electrical and electro-thermal characterization of LCR cantilevers. Current and resistance of
the cantilever as a function of total voltage supplied to the circuit (a). Cantilever resistance as function of
cantilever temperature (b).



2.2. Lorentz Force Actuation Mechanism

Lorentz force actuation for heated atomic force microscopy cantilevers is a technique that
can be employed to image surface topographies and measure softening temperatures of thin
polymer films [17]. Figure 2.1 shows Lorentz force actuation mechanism designed for AFM
operations. Heater region integrated single crystal silicon microcantilevers are used in the
Lorentz force-induced AFM operations. An oscillating current is supplied along the cantilever
that interacts with magnetic field produced by a permanent magnet placed just beneath the
cantilever. The interaction produces Lorentz force exerting on tip of the cantilever. The Lorentz

force is governed by the equation:
F = I(ixB) (1)

where F is the Lorentz force, | is the length of the cantilever that Lorentz force is applied, i is the

alternating current and B is the magnetic field.

Figure 2.3 Schematic of Lorentz force actuation mechanism. A microcantilever with integrated resistive
heater region is oscillated by alternating current (i) passing through the probe. A permanent magnet is
placed underneath the cantilever that produces magnetic field (B) directed to the cantilever. Lorentz force
(F) applies on tip of the cantilever induced by interaction of the magnetic field and the oscillating current.
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2.3. Contact Resonance Operation

In conventional AFM operations, a cantilever is oscillated at such frequencies
corresponding free vibrational resonance modes that are measured while out of contact. Yet,
when the cantilever is placed into contact with a substrate, the vibrational frequencies shift to
higher values due to interactions occurring between the tip of the cantilever and the substrate
[18]. In Fig 2.3, schematics illustrate response of the cantilever being out of contact (a) and in
contact (b). Also, characteristic behavior of contact resonance frequency curve in a frequency

spectrum, which also includes first two modes of free resonance frequencies, is demonstrated (c).
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Figure 2.4 Schematics of contact resonance AFM. Resonance modes of the cantilever when oscillated in
the air (a) and in contact (b). The resonance frequency spectrum (c) shows that first mode of the contact
resonance frequency takes place between the first and the second modes of the free resonance oscillation.

Contact resonance force microscopy (CR-FM) goes beyond being a mere imaging
technique, and is employed to measure nanomechanical properties of materials [19]. Thus, in
order to acquire quantitative measurements regarding material properties, tip-surface interactions

need to be defined using appropriate models.



In this regard, linear beam model [13] has been widely used to model cantilever while in
contact in order to derive material properties. Figure 2.4 demonstrates a schematic of linear beam
model in which cantilever is coupled with the surface. In addition to the cantilever, the contact
point is then modeled as a spring and a dashpot. Based on this model, primarily a constitutive
equation for contact stiffness (k") is obtained [20] so that simply tracking variations in the contact
stiffness in a composite structure, various materials can be distinguished with respect to different
stiffness values. Furthermore, contact stiffness measurements can be transformed into elastic
material properties such as elastic modulus, indentation modulus and viscosity by applying

contact mechanics theories [21].
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Figure 2.5 Linear model of the cantilever while the tip is in contact with the substrate. The tip-surface
interactions are modeled with dashpots and springs. The cantilever is tilted by angle ¢ with respect to the
surface. Height of the tip is h, located at a position L; on the length axis of the cantilever. The distance of
the tip to the free end of the cantilever is L.



2.4 Lorentz Contact Resonance Operation

Contact resonance force microscopy (CR-FM) operations are widely well-known to be
employed with two AFM methods: Ultrasonic Atomic Force Microscopy (UAFM) [22] and
Atomic Force Acoustic Microscopy (AFAM) [23]. For both of the techniques, the oscillation to
the cantilever is supplied by a piezo shaker, located either beneath the cantilever or under the
substrate. However, the vibrations provided by the piezo introduce many parasitic resonances
generated within the piezo system that have negative impacts on quality of the measurements.
Having recently developed, Lorentz Contact Resonance Atomic Force Microscopy operation [6]
(LCR-AFM) eliminates the spurious resonances providing clean and smooth frequency spectra.
By doing so, LCR-AFM is pronounced to be a promising technique for nanomechanical

spectroscopy of soft materials.
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Figure 2.6 Contact resonance frequency spectrum of PS film obtained by LCR 0.3 cantilevers. Using
Lorentz actuation, clean spectrum can be obtained as well as accessing higher eigenmodes.



CHAPTER 3: EXPERIMENTAL SETUP AND MODELLING

3.1 Design of Experimental Setup

As discussed in the previous chapter, LCR-AFM is the perfect combination of Lorentz
force actuation mechanism and contact resonance AFM technique. In this study, we focused on
point-based thermophysical measurements with LCR cantilevers. To this end, we designed an
experimental setup that allows us to control temperature increase rate and take independent
measurements on thin polymer films at different locations. Figure 3.1 shows experimental setup

of LCR-AFM for point-based thermomechanical measurements.
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Figure 3.1 Experimental setup of LCR-AFM. The system is controlled through a Labview code on a
computer. A chirp AC waveform and ramping DC voltage are sent to the cantilever. Deflection signals
are collected by a DAQ board to be then transformed into frequency signal forms using FFT. Voltage
drop across the sense resistor is measured to detect cantilever resistance.

The data flow of the system is governed via an in-house LabView code. The code written
in LabView helps to control major equipment in the system: function generator, multimeter and
data acquisition board through several key parameters: initial and final frequencies for frequency
sweep range, sweep time, AC voltage, initial and final values for DC voltage for temperature

ramp.



The working principle of the system is structured as following. Initially, a region of
interest is defined based on contact resonance frequency spectrum (such as first mode) through
inputs of above mentioned parameters. When the system is started, it initially sends AC voltage
at a certain value with DC offset and sweeps the predefined frequency range. Corresponding to
this external trigger, a set of deflection data is collected from the deflection channel of the AFM
controller. The data from the deflection channel are grabbed through a data acquisition board
(DAQ) which is also controlled via the LabView code. The collected data are then transformed
into frequency spectrum form using a Fast Fourier Transform (FFT) code written in Matlab. In
the frequency spectrum, it can initially easily be observed the contact resonance frequency, yet
required to be exactly known peak value of the curve. In this regard, Lorentzian Curve Fitting
Curve code, based on harmonic oscillator model, in Matlab is applied to determine exact values
of not only contact resonance, but also quality factor. To this end, AFM signal dependent part of
the system is resolved. The next step is to read voltage drop across the sense resistor to calculate
electrical resistance that corresponds to that specific contact resonance frequency. By doing so,
the contact resonance frequency value is matched with electrical resistance of cantilever. This

procedure is followed a number of steps, which is defined by increase rate of DC voltage.
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3.2 Temperature Calibration

Since temperature calibration of the heater integrated cantilevers is explained in different
works [24] in great details, it is not discussed here. Yet, it is required to describe how the
measured contact resonance frequencies are matched with certain temperature values. In this
sense, a protocol detailed below is followed. Initially, response of cantilever electrical resistance
with respect to cantilever voltage is obtained while the cantilever is kept in contact with the
substrate in the AFM setup. Then for rest of the measurements, Raman spectroscopy setup is
used while the cantilever is kept in the air. First, the trend of cantilever electrical resistance
corresponding to cantilever voltage is acquired through voltage sourcemeter and multimeter.
Second, using Raman spectroscopy, temperature of the free end region, being very close to the
tip, of the cantilever is measured with respect to different cantilever voltages supplied. Third,
based on the first two measurements, the temperature and the electrical resistance of the
cantilever are matched. The last step is to assign the cantilever electrical resistance measured in
contact with temperatures detected via Raman spectroscopy. Since the electrical resistance of the
cantilever is an intrinsic property [25], matching electrical resistance and temperature holds same
values regardless of being in contact or out of contact. Hence, a response curve and a definitive
equation are obtained that is used to convert electrical resistance of the cantilever to temperature
values. Eventually, each contact resonance frequency can be defined in the terms of temperature

which then becomes important when extracting viscoelastic material properties.
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3.3 Modelling of Tip-Surface Interactions

As discussed in Chapter 2, once the cantilever is brought into contact with a substrate,
contact interactions take place between the tip of the cantilever and the sample. Even though the
interactions have been modeled through linear beam model, the model is not convenient to be
employed with cantilever beam forms different than rectangular shape. Besides, quite demanding
mathematical formulations make the system depending on multi parameters and vulnerable to
mistakes. To eliminate that problem, a model recently introduced [5] is used that simply
eliminates dependence on cantilever geometry and provides handy equations. Figure 3.2 shows

the cantilever-sample interaction model.

Figure 3.2 Tip sample interaction model.

The model, externally driven harmonic oscillator, basically has two major components.
The upper part, with a spring and a mass, is defined as the cantilever. The lower part, with a
spring and dashpot, is defined as the sample. k. and m denote spring constant and mass of the
cantilever, respectively. On the other hand, k and c indicate tip-sample contact stiffness and
viscous damping coefficient of the sample, respectively. The external force being exerted on the
system is the Lorentz force which oscillates the cantilever and actuates the fundamental

eigenmode frequency.
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For harmonic oscillator, the oscillation amplitude is defined based on the equation;

Fo/m
X =
\/(a)o —w)? + 4y?w?

(2)

where ® and o, denote excitation frequency and natural frequency of the system, respectively. Fo,
m, y and x indicate external force, mass of the system, damping coefficient and oscillation
amplitude, respectively. Based on the harmonic model and the equation above, other relations

can be obtained;

f=foy1-1/Q? (3)

where Q is the quality factor of the cantilever. Based on this equation, quality factor is

anticipated to be directly proportional to contact resonance frequency.
More importantly, an approximate equation is introduced to observe contact stiffness
variations with respect to change of the contact resonance frequency.

w=(1-— 58? Wpound (4)

where wpoung denotes the contact resonance frequency measured on infinitely stiff material.
The same work also provides an equation for calculation of viscous damping coefficient

of a sample as a function of quality factor, mass, contact stiffness and cantilever spring constant;

IR

c

\/W(Z 3) )

Q Q
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Being more importantly, elastic modulus of the sample can be calculated using Hertzian

contact theory which predicts no adhesion forces take place between contacting bodies:

E=— (6)
where E and a are reducde elastic modulus and contact radius, respectively.

3.4 Thermal Resistance Network for Heat Flow

Figure 3.3 shows the thermal circuit representing heat flow from the tip to the sample and
the environment [4]. Since the tip has a sharp form, it directs the heat flow to a very small
contact area that makes the tip temperature (Tin) difficult to predict. Also, the tip temperature
does strictly depend on Ryip, Reontact @and Rspread Which are estimated to be on the orders of 108, 10’
and 10® K/W. Hence, the difference of the thermal resistances causes a temperature difference

between Tmeasured @Nd Tyip. This fact will become important when analyzing results.
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Figure 3.3 Thermal circuit network of tip-sample contact. Heat transfer occurs to the substrate and the
environment. Temperature of the tip becomes different than the measured temperature due to difference
in magnitudes of Ry, Reontact 8N Rgpread-
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CHAPTER 4: VISCOELASTIC ANALYSIS OF PMMA

4.1 Probing Glass Transition Temperature

Figure 4.1 demonstrates response of contact resonance frequency as a function
temperature. It is shown three independent measurements taken on a thin PMMA film from
different locations, and obtained reproducible results. In the experiments, total circuit AC voltage
is set to 1.0 V and the frequency is swept between 120 kHz and 150 kHz. Deflection signal set
point voltage in AFM is set to 1.0 V that corresponds to approximately 300 nN static force
exerting on the cantilever. DC voltage is ramped from 2.5 V up to 4.0 V by 0.1V increments.
Temperature increase rate of the system is approximately 6°C/s. It is observed that the contact
resonance frequency increases steeply starting right after 80 °C, and reaches a peak point, which
happens around 151°C, and then decreases as the temperature is kept elevated. The glass
transition temperature is the peak point that the contact resonance frequency curve shifts its

trend. The average glass transition temperature measured is 151.2°C.

The observed increasing trend of the contact frequency curve can be attributed to several
reasons. One possible cause is that contact area between the tip and the sample enlarges due to
thermal expansion of the glassy material [26]. The other option could be reorganization of the
polymer structure into a stiffer morphology just before the glass transition occurs [27]. Another
reason might be stemming from lateral tip-sample forces which indeed elevate the contact

resonance frequency [28].
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Figure 4.1 Contact resonance frequencies as a function of probe heater temperature on PMMA film. The
contact resonance frequency rises up until the glass transition temperature, and then shows a clear drop
when the tip of the cantilever starts sinking into the material after the peak point.

Another way to detect the glass transition temperature is to observe differential change of
cantilever electrical resistance with respect to temperature increments. Being different from the
frequency measurements, the cantilever electrical resistance rises up while the temperature is
increased until the thermal runaway point, which happens around 500-600°C [24]. Unfortunately,
it is difficult to observe the glass transition phenomena just tracking the electrical resistance. Yet,
response of differential incremental rates of the electrical resistance yields a small ‘plateau’
region, in which the glass transition temperature is observed. Same parameters used in the
contact resonance frequency measurements are also valid for differential electrical resistance

measurements. The measured glass transition temperature is 153.2°C.

Thermal transport mechanism, shown in Fig. 3.3 helps to understand the response of
cantilever electrical resistance at the glass transition temperature. Initially, the temperature of the

tip (Tuip) is below the glass transition temperature of the PMMA film. And, while the temperature
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of the cantilever is increased, it then causes electrical resistance of the cantilever to rise up.
When the tip temperature reaches to the glass transition temperature, the tip slightly sinks into
the material which is observed as decrease in the thermal impedance between the tip and the
substrate. The drop of the thermal impedance reflects upon the electrical resistance of the
cantilever, and causes it remain constant for a short temperature range. This constant response is

monitored as the flat region in Fig. 4.2
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Figure 4.2 Differential increase of the cantilever electrical resistance as a function of probe heater
temperature. Decreased thermal impedance causes constant response in the terms of differential electrical
resistance of the cantilever. The flat region indicates the glass transition.

Also, the glass transition phenomenon is monitored in the terms of differential power
consumption of the cantilever. The experimental parameters are the same of the above mentioned
measurements. In Fig. 4.3, it is clear that the differential power consumption curve demonstrates
three distinct points, which are indeed defines the glass transition region [29]. The curve has a
constant slope, first, prior to the ‘onset temperature’, which is the point that indicates beginning

of the glass transition region. The measured onset temperature is 132.8°C. Then the slope of the
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curve moves to a lower, yet constant value. This, second slope continues until the ‘peak point’ in
which the glass transition temperature is observed. The temperature of the peak point is 157.7 °C.
The last part of the curve spans the peak point and the ‘end point’. The end point specifies the
ending of the glass transition region. The temperature measured at the end point is 164.3°C. The

display of the glass transition region is the first time observed in AFM measurements.
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Figure 4.3 Differential power consumption of the cantilever as a function of probe heater temperature.
The glass transition region is observed with three distinct points: onset, peak and end temperatures. The
slope of the response curve is monitored to change at each of these points.

To validate the glass transition region observed in differential power consumption of the
cantilever, we have measured the glass transition temperature of the same PMMA film using
Differential Scanning Calorimetry (DSC). The experiments with DSC are done through
endothermic analysis with 30°C/min temperature increase rate. Being similar to what is
measured with the AFM analyses, the three points, onset, peak and end, are observed. It is also
quite obvious that trend of the heat flow curve has three different slopes changing at the distinct

points of the glass transition region. The measured temperatures of onset, peak and end points
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are 115.5°C, 116.6°C and 117.7°C, respectively. The difference between the temperatures
observed with the cantilever happens due to two facts. First, as discussed in part 3.4, the
calibrated temperature the cantilever is different from the temperature of the tip. Second,
different temperature increase rates of DSC and LTA cause different structure relaxations for the
material [30]. Hence, even though the temperatures are different for two methods, the trends are

the quite similar.
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Figure 4.4 Differential Scanning Calorimetry (DSC) thermogram of PMMA film. The glass transition
region is observed displayed by the three definitive temperatures: onset, peak and end. The slope of the
heat flow curve varies point basis within the glass transition region.
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4.2 Viscoelastic Properties in the Glass Transition Region

In Figure 4.5, quality factor of the cantilever is monitored as a function of cantilever
temperature. The results of three measurements shown for quality factor are extracted from the
dataset of the contact resonance frequency measurements using simple harmonic oscillator
model in Matlab. The curves behave in accordance with presented theory that Equation 3
predicts quality factor to react proportional to the frequency. In other words, when the contact
resonance frequency increases, so does the quality factor. As shown in Figure 4.1, the curves of
contact resonance frequency have a positive slope that the frequency increases with respect to the
temperature rise. Here, the quality factor exhibits similar trend having a very slight positive slope

right up to the glass transition region, and then declining with increased temperature.

Furthermore, the behavior of quality factor can also be interpreted by extending its
definition. The quality factor is formulated as ratio of stored energy to dissipated energy in a
system. Thus, when temperature of the material is increased to the glass transition temperature,
the material becomes softened that causes more dissipation energy to be transferred to the
material. Eventually, the quality factor steeply goes down corresponding more dissipation energy
transmitted to the material at higher temperatures. This argument is also in great agreement with

effects of viscous damping coefficient, Fig 4.7.
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Figure 4.5 Quality factor of the cantilever as a function of cantilever temperature. Three regions are
observed to describe behavior of polymer: Glassy, viscoelastic and rubbery. The glassy region shows a
gentle positive slope with respect to increase of contact resonance frequency. The curves acquire negative
slope starting in glass transition region. Reduced quality factor is sign of reduced dissipation energy.

Figure 4.6 shows response of contact stiffness as a function of cantilever temperature.
Results of contact stiffness are derived based on dataset of the contact resonance frequency
measurements using Eq.4. Yet, the equation is modified in such a way that term of contact
resonance frequencies ratio (o/ o) is switched to quality factor term, as indicated in Eq.3. By

doing so, the contact stiffness is tracked as a function of quality factor.

Trend of contact stiffness is observed to remain almost constant within glassy elastic
region, and starts decreasing when the temperature reaches the lower limit of glass transition
region, and continues in that fashion. Unfortunately, we are not able to obtain enough data
regarding rubbery region due to deep penetration happens at higher temperatures hindering
cantilever vibrations and signal collection. Since the contact stiffness in fact describes the
response of material, these results pave the way going through measurements of elastic modulus

of material.
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Figure 4.6 Contact stiffness of PMMA as a function of cantilever temperature. The contact stiffness has
almost constant value in glassy region, whereas it declines with a constant negative slope starting in glass
transition region.

Figure 4.7 exhibits how viscous damping coefficient of PMMA film reacts with respect
to stepwise increase of cantilever temperature. The dataset of contact resonance frequency
measurements are used here to obtain viscosity curves, employing also Eg.5. In that equation, k;
and m terms are used as 0.35 N/m and 2.2x10° kg [5]. And, terms of k, and Q are taken from the
temperature based measurements, shown previously. On the contrary of the contact stiffness
curves, viscosity remains constant in the glassy region, and goes up dramatically in the glass

transition region.
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Figure 4.7 Viscous damping coefficient of PMMA film as a function of cantilever temperature. Viscosity
has almost constant value in the glassy region, and then dramatically inclines in the glass transition
region. Trends of the curves show that viscous terms become effective in viscoelastic region.

In Figure 4.8, it is shown elastic modulus of PMMA film as a function of cantilever
temperature. Elastic modulus is calculated employing Eq.6 and using dataset of contact
resonance frequency measurements. In Eq.6, contact diameter is assumed to be 100 nm, and
contact stiffness values are taken from previously discussed contact stiffness measurements. The
results are in harmony with what is expected that the elastic modulus is assumed to remain
constant within glassy region, since contact stiffness and viscous damping are also constant.
After that the elastic modulus drops in the glass transition region as also explained in the terms
of contact stiffness and viscous damping coefficient. In other words, when the material becomes
softened starting with the glass transition temperature, the chains of molecules in polymer
structure relaxes and yields abruptly reducing eventually the elastic modulus of the structure. The
results here are promising for the future that AFM with heated probes can replace state of the art

technology of dynamical mechanical analysis at macroscale.
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Figure 4.8 Elastic modulus of PMMA as a function of cantilever heater temperature. Elastic modulus has
almost constant value within glassy region, and then dramatically falls with glass transition.
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4.3 Topography of Indentation Crater

In Figure 4.9, it is shown topography of crater mark (a) left after local thermal analysis
done on PMMA surface and profile of (b). The diameter of the hole is 1.6 um at the largest side,
and around 1.0 um when measured in the axis of the surface. Height of the hole is 0.8 pum at
maximum. Even though the scale of the diameter seems a little bit large for nanoscale
measurements, experiments show that the best resolution for the diameter can be obtained as just
below 1.0 um. Also, it should be noted that the size of the diameter depends upon structural
properties of materials. For example, if a material relaxes slowly in the glass transition region,
the glass transition temperature can be detected leaving smaller craters on the surface. On the
other hand, if another material yields very quickly, deformation has to be significant to observe

glass transition temperature and viscoelastic properties in glass transition region.
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Figure 4.9 Topography of indentation crater left (a) and indentation hole profile (b).
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CHAPTER 5: MULTI FREQUENCY ACTUATION

5.1. Multi-Frequency Contact Resonance Technique

Having initiated with surface-coupled cantilever theory, developed by U. Rabe [13], and
then well established through numerous applications by D. C. Hurley [14,15,18], Contact
Resonance Force Microscopy (CR-FM) has been demonstrated as an effective tool for surface
characterization of mechanical properties on the nanoscale. To date, the published works have
implemented CR-FM to Ultrasonic Atomic Force Microscopy (UAFM) [22] and Atomic Force
Acoustic Microscopy (AFAM) [23] techniques. Also, Lorentz contact resonance AFM (LCR-
AFM) has recently been introduced to be an alternative technique for mechanical property
analysis of composite materials. [6]. In addition, several works have been produced recently
coupling multi-frequency AFM operation with contact resonance technique, yet they are in lack
of imaging capability [21] or application to two fundamental resonance frequencies [31], or
excitation mechanism through only contact resonance mode [32] .Taken together, the state of the
art methods offer CR-AFM confined to either single mode excitation of cantilever, or not fully

comprehensive bimodal actuations.

However, no one has presented application of excitation of two contact fundamental
resonance modes through a single contact resonance actuation mechanism. Here, we propose to
combine contact resonance technique with multi-frequency excitation of cantilevers through
Lorentz actuation technique. Through a successful implementation of LCR MF-AFM, we aim to
develop a future promising tool for mechanical material investigation at the nanoscale providing
measurements with high resolution, more sensitivity and applicable various materials
morphologies.
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5.2. Point-based Contact Resonance Measurements

Figure 5.2 shows the design of experimental setup for point-based multi-frequency
contact resonance measurements. The experimental setup is designed in such a way that dual
frequency actuation is provided through the AFM Controller. The output channel of the AFM
controller basically sends two signals (f; and f;) at different frequencies and different amplitudes
to the cantilever, mixing them while minimizing possible attenuations may happen. Showing
different responses to these two different frequencies, deflection signal collected from the AFM
controller is split into two to be connected to two lock-in amplifiers. The two lock-in amplifiers
are set to frequencies corresponding to two eigenmodes of the cantilever. Using this
experimental setup with the lock-in amplifiers, it is possible to acquire data of amplitude, phase

and quality factor of each eigenmode that cantilever is oscillated.

Output Signal
f1 N 3 > o
Reference-1

S
A1 ’QVQL Lock-In .
Amplifier-1 <
f2 AFM
~J » <
Controller
Reference-2
AZ’ @2, Q2
Lock-In < Deflection Signal

Amplifier-2

Figure 5.1 Experimental setup for point-based multi frequency contact resonance measurements. Two
signals (f; and f,) at different frequencies and amplitudes are sent to the cantilever. Collected deflection
signal is separated and sent to the lock-in amplifiers. Data regarding frequency, amplitude, phase and
quality factor can then be obtained from the lock-in amplifiers.
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Figure 5.2 1% Mode Frequency response curves (a), phase curves (a) and averaged results of 3
independent measurements (c) taken on four different polymer films. During the measurements, applied
AC voltage is 1V and tuning time is 2 seconds.

In Figure 5.2, frequency and phase curves of the 1% eigenmode obtained on different
polymer films are shown. According to the figures, very slight differences in the contact
resonance frequencies are observed, approximately on the order of 0.2 kHz. The phase of the 1%
mode is set to 90° for all of the samples so that phase response for the other eigenmodes can
fairly be compared. During the measurements no additional heating is applied to the cantilever,

and possible heating may occur due AC voltage are ignored due to high frequency values. Also,
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it is noteworthy that no such dramatic differences are observed with 2" and 4™ eigenmodes, so

any figures regarding those are not provided here.
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Figure 5.3 3™ Mode Frequency response curves (a), phase curves (a) and averaged results of 3
independent measurements (c) taken on four different polymer films. During the measurements, the 1
mode is kept at 1V while the 3™ mode is kept at 0.75V.

According to Figure 5.3, comparatively larger frequency shifts are observed which can be
attributed to increased sensitivity of the higher mode. Being differently, very small changes in
phase values are observed. Using this mode, various polymer films with different mechanical

properties can be easily distinguished in the terms of amplitude, frequency and phase.
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Figure 5.4 5th Mode Frequency response curves (a), phase curves (a) and averaged results of 3
independent measurements (c) taken on four different polymer films. During the measurements, the 1
mode is kept at 1V while the 5™ mode is kept at 0.5V.

In Figure 5.4, it is achieved to acquire the largest frequency shifts with respect to
different polymers, which is around 8 kHz. Also, there are significant differences in other
definitive properties of amplitude, phase and quality factor. This mode offers promising results

to be implemented into multi-frequency technique.
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5.3. Surface Mapping

A complex material having components with different mechanical properties can be
imaged using phase-locked loop implemented contact resonance technique. As shown in Figure
5.5, the output channel of the AFM controller is used to provide actuation signal of the
fundamental eigenmode (1% mode). Also, PLL Controller is then set automatically to the higher
eigenmode that the signals of two eigenmodes are mixed using a power combiner. Afterwards,
the mixed signal is directed to the cantilever as a multi-frequency actuation voltage. Data
regarding the response of the cantilever is collected through deflection channel, yet it contains
information regarding the first and the higher eigenmodes. Thus, a signal filter is used to remove
the first mode so that the PLL can circulate a loop according to the higher eigenmode. Following
this, amplitude, phase and frequency output channels from the PLL detector is plugged into Input
channels on the AFM controller. Hence, using AFM software itself, surface mappings of those

properties can be acquired.

Mixed Frequency Signal
1st Mode l
{ ot [TR,
Input Signal A §3rd Mode @
AFM l PLL |
Controller Controller & Detector

" Filter

O X Rg
N Signal

Deflection Signal 7

Figure 5.5 Experimental setup design for surface mapping with multi-frequency contact resonance
technique. Phase-locked loop is set to higher eigenmode whereas AFM controller provides the signal of
first fundamental frequency. Collected deflection signal is separated using signal filter.
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Figure 5.6 Surface topography image (a) and contact resonance frequency map (b) of PMMA-Si E-jet
printed substrate. Surface topography image is obtained using the fundamental eigenmode controlled
through the AFM controller, and the frequency map is acquired through the PLL. Grabbed frequency data
is classified thorough voltages that can be later translated into frequency form.

In Figure 5.6, it is shown that surface topography and frequency shift on the sample can be
tracked simultaneously using two different eigenmodes. The information regarding the contact resonance

frequency map can be later used appropriate mathematical models to turn frequency data into quantitative

viscoelastic material properties.

A
L \

Figure 5.7 Surface maps of amplitude (a), frequency (b) and phase (c) obtained on the PMMA-Si e-jet
printed substrate using fundamental eigenmode. Clear differences are observed in all the properties. The

max differences of amplitude are 72nm, frequency 1.15 kHz and phase 60°.
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CHAPTER 6: MATHEMATICAL MODELING

6.1. Lorentz Contact Resonance Cantilevers

It is here presented an approach to transform Lorentz contact resonance (LCR) cantilever
geometrical shape into an equivalent rectangular beam form. In other words, LCR cantilevers are
modelled as if they have rectangular beam form with calculated dimensions. By doing so, the
two-leg LCR cantilevers can easily fit into Euler Linear Beam Theory. Afterwards, quantitative
mechanical properties of numerous materials can be acquired using this theory. In Figure 6.1 it is
demonstrated a design sketch of LCR cantilevers. The legs are around 225 pm in length and 20
pm in width. There is 50 pum between the two legs. The heater region has a V-shaped form that is

in 6 um width and 17 um length. Thickness of the cantilever is 1.5 pm.

M7 pm

~ &

225 um

Figure 6.1 2-D sketch of LCR cantilevers. The legs are in 225 um length and 20 um width. Heater
region has a V-shaped form.
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6.2. Equivalent Cantilever Beam Model

To obtain an equivalent beam model, the LCR cantilever is split into two parts, legs and
the free-end region. The stiffness of each part is calculated independently. In other words, by
employing solid mechanics theory for clamped-free end beam and simulation analyses,
equivalent rectangular beam forms having same particular stiffness values for each of the section
are acquired. Finally, combining two-parts together in the form of single rectangular beam form,

an equivalent rectangular beam model and corresponding dimensions are obtained.

Fixed Ends in 41.03x107

Simulation xlloo

~_ |

|

Point Force

vO0

Figure 6.2 Free-end region of LCR cantilever used for stiffness calculation in COMSOL. Used
parameters for Young’s Modulus 169 GPa, applied force 10 nN. Computed stiffness is 97N/m.

The stiffness of the free-end region is first computed using COMSOL finite element
analysis. Obtained max deflection in the simulation results is 10.3 nm and spring constant is 97
N/m. Following the FEA, the spring constant of the free-end region is also calculated employing

an analytical approach [33].

34



Figure 6.3 Analytical approach to obtain equivalent stiffness of VV-shaped cantilever [33]. Used
parameters are E=169 GPa, t=1.5 pm, L=24 um, ®=67.5", b= 90 pm and d=12.1 pm.

o 0 1+4d3 3cosO — 2 B 7
>3 oS b3 (3cos ) [7]

k=

Since the free-end region of the cantilever has fairly complex structure when compared to
the ideal V-shaped model, d is estimated as 12.1 um. Other dimensions are directly taken from
the LCR geometry. Calculated stiffness is 96.3 N/m. There is a great agreement between the
computed and calculated values using FEA and analytical approaches. Then based on the
obtained stiffness values, we can design a new rectangular beam form having equivalent stiffness
of the free-end region with the desired dimensions. The new dimensions are 32 um in width, 1.5
pm in thickness, 36.18 pum in length. Using the analytical approach, equivalent stiffness value for
the cantilever legs is also obtained. The calculated stiffness is 0.5357 N/m for two legs. Then the
obtained equivalent rectangular beam form for the legs has 32 pum width, 1.5 pum thickness and

204.23 um length.
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Figure 6.4 Equivalent rectangular beam form for the LCR cantilevers. Stiffnesses for free-end region and
the legs are calculated using analytical and numerical approaches. Calculated overall stiffness of the new
form is 0.331 N/m obtained with linear beam model and 0.384 N/m obtained with COMSOL.

Combining previously constructed equivalent beam forms of both free-end and legs, a
new one-end-clamped and one-end-free rectangular beam model can be structured (Figure 6.4).
The calculated stiffness of the model using linear beam equation is 0.331 N/m. The computed
stiffness of the model in COMSOL is 0.333 N/m. The computed stiffness of the LCR cantilever
in COMSOL is 0.384 N/m.Also, the measured stiffness of LCR cantilevers using thermal method
in AFM is 0.35 N/m. There is a small discrepancy between spring constants of the LCR and the
equivalent beam model which might either be stemming from complexity of the initial LCR
model that approximations underestimates some details or incapability of the designed analytical
method to be applied on such two-leg cantilever. Yet, we can obtain very close results that

cannot obstruct using this method to model LCR cantilever.
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6.3. Eigenmode Analyses

In order to provide a comprenhesive approach to obtain an equivalent rectangular beam
shape, the new rectangular beam form should be in harmony with the eigenmodes of the original
LCR design. In this regard, eigenmodes and eigenvalues of both forms are investigated using

COMSOL finite element analysis.

Figure 6.5 Eigenmode shapes of LCR cantilever in free oscillation simulated in COMSOL. 1* mode (a),
2" mode (b), 3" mode (c), 4™ mode (d), 5™ mode (e) and 6™ mode (f). Only linear bending modes are
later taken into account which corresponds to 1%, 3" and 6™ modes.

In Figure 6.5, it is demonstrated eigenmode shapes of LCR cantilevers simulated in free-
oscillation. Even though different eigenmode behaviors are observed, we place importance to
linear bending modes since the homogenous beam theory is only capable to explain that
transverse motion. So, the linear bending corresponding a, ¢ and f in the figure are taken into

account which are also numerated as 1%, 2" and 3" linear bending modes.
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Figure 6.6 Eigenmode shapes of rectangular beam model in free oscillation simulated in COMSOL 1*
mode (a), 2™ mode (b), 3" mode (c) and 4™ mode (d). Only linear bending modes are taken into account

which corresponds to 1%, 3 and 4™ modes.

In Figure 6.6, eigenmode shapes of rectangular beam mode are simulated. It is clear that only

linear and torsional modes shapes are obtained. As discussed above, only linear modes are considered
which correspond to a, b and d of the figure. These modes are numerated as 1%, 2™ and 3" linear bending

modes of the rectangular beam model. Comparisons of linear bending eigenmode frequencies for
LCR and rectangular beam model are provided in Figure 6.7. Clearly, 1% mode is exactly the
same for both shapes, yet there is very small difference is observed in the 2" mode. Also, it is
quintessential that these 1% and 2" modes having close numbers have exactly the same
eigenmode shape. So, it can be confidently said that the rectangular beam model is capable of

replacing LCR cantilevers considering stiffness and 1 and 2™ free oscillation eigenmodes.
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Figure 6.7 Eigenmode frequency comparisons of LCR cantilever and rectangular beam model in free-
oscillation. 1% mode (a) shows almost matching frequencies for both forms. 3" mode (b) yields very slight
difference between the model and the LCR cantilevers.
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Figure 6.8 Eigenmode shapes of LCR cantilever in contact resonance simulated in COMSOL. 1* mode
(a), 2" mode (b), 3" mode (c), 4™ mode (d), 5" mode (e) and 6" mode (f). Only linear bending modes are
later taken into account which corresponds to 2", 4™ and 6™ modes.
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In Figure 6.8, it is demonstrated eigenmode shapes of LCR cantilevers simulated in
contact resonance. Even though different eigenmode behaviors are observed, we place
importance to linear bending modes since the homogenous beam theory is only capable to
explain that transverse motion. So, the linear bending corresponding b, d and f in the figure are

taken into account which is also numerated as 1%, 2" and 3" linear bending modes.

(b)

Figure 6.9 Eigenmode shapes of rectangular beam model in contact resonance simulated in COMSOL 1*
mode (a), 2™ mode (b), 3" mode (c) and 4™ mode (d). Only linear bending modes are taken into account
which corresponds to 1%, 3 and 4™ modes.
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In Figure 6.9, eigenmode shapes of rectangular beam mode are simulated in contact resonance. It

is clear that only linear and torsional modes shapes are obtained. As discussed above, only linear modes
are considered which correspond to a, b and d of the figure. These modes are numerated as 1%, 2" and 3"

linear bending modes of the rectangular beam model. Comparisons of linear bending eigenmode
frequencies for LCR and rectangular beam model are provided in Figure 6.9. It can be easily said
that 1% mode of the contact resonance for both LCR and the rectangular beam mode exactly
match. When this finding is combined with the previous results, it is deducted that the
rectangular model can be used to re-model LCR cantilevers only for the 1 eigenmode having
almost equal stiffness. This finding offers a promising conclusion to be put into practice for

further analyses in the future works.
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Figure 6.10 1° Eigenmode frequency comparisons of LCR cantilever and rectangular beam model in
contact resonance. 1* mode shows almost matching frequencies for both forms.
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CHAPTER 7: BLOCK COPOLYMER SPECTROSCOPY

7.1 Viscoelastic Characterization of Block Copolymers

Block copolymers have been placed increasing attention by the time that many successful
works have been produced utilizing numerous block copolymer morphologies. Also, block
copolymers are currently being pronounced as an emerging material for both scientific
advancements and technological developments. There has been demonstrated plethora of
applications of BCPs spanning nanomanufacturing [34], photovoltaic technologies [35],
nanomedicine [36] and membrane technologies [37]. However, so far only a little information
has been revealed regarding structural reliability and viscoelastic behaviors of the BCP
morphologies. This is quite an important issue since BCP are designed for numerous applications
which are expected to be operated continuously under various conditions. In this sense, a few
works have been reported for mechanical characterization of BCP morphologies. They have
either applied Force-Distance Curves [38] or implemented Amplitude Modulated Atomic Force
Microscopy (AM-AFM) technique [39]. Yet, there is an immediate lack of providing extensive
nanomechanical property maps of characteristic material properties on different types of BCP
morphologies. Besides, when considered viscoelastic property analyses, any work have not been
produced providing local temperature dependent viscoelastic material property measurements. It
is due to the fact that state-of-the-art technologies e.g. DMA, CR-AFAM are not incapable of
performing nano-scale temperature dependent measurements since they are used either for
macroscopic measurements or mechanical property measurements. Hence, here we are
presenting a technique, Lorentz contact resonance AFM, to provide reliable information

regarding both mechanical and thermophysical measurements on the nanoscale.
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Figure 7.1 Lorentz contact resonance spectroscopy measurements taken on 37-37K PS-PMMA lamellar
block copolymer sample. Lorentz actuation is provided through external AC source (a). In wide-range
spectroscopy (b) four eigenmodes are observed as measurements taken PS and PMMA domains (c). 1%
(d), 2" (e), 3" (f) and 4™ (g) are analyzed to compare behaviors PS and PMMA domains.

In Figure 7.1, it is demonstrated Lorentz frequency spectra taken on 37-37K PS-PMMA
lamellar morphology block copolymer sample. Red and black lines describe material responses
of PMMA and PS, respectively. When individual eigenmodes are analyzed, it is observed that
very slight contact resonance difference in the 1% eigenmode. Also, by increased degree of the
eigenmodes, distances between the peaks get enlarged due to elevated sensitivity of higher
eigenmodes. However, the 3" mode yields almost exact contact resonance frequency values

which is attributed to torsional behavior of that eigenmode.
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Figure 7.2 Experimental setup of LCR-AFM. The system is controlled through a Labview code on a
computer. A chirp AC waveform and ramping DC voltage are sent to the cantilever. Deflection signals
are collected by a DAQ board to be then transformed into frequency signal forms using FFT. Voltage
drop across the sense resistor is measured to detect cantilever resistance.

We have performed local viscoelastic material property measurements on 66-63K
lamellar morphology PS-PMMA block copolymer using the experimental as shown in Figure
7.2. It is achieved to acquire independent measurements on both the domains within the

structure.

In Figure 7.3, it is demonstrated viscoelastic measurements taken on PMMA domains. In
most of the experiments it is observed that the indentation crater left on the sample can be
measured as 100 nm in diameter and 20 nm in depth. In figures a and b, there are shown a picture
of indentation crater on the sample and cross-section of hole profile, respectively. After that, we
have measured change of indentation diameter and depth as functions of temperature so that later
we can estimate reduced elastic modulus. There is obtained quasi-linear behaviors for both the
responses of diameter and depth as shown in figure c. Then, we have measured contact
resonance frequency as a function of temperature while the cantilever is heated and oscillated in
contact simultaneously. The contact resonance frequency has an increasing trend up to certain
values then peaks and starts decreasing. The data of contact resonance frequency is later used to

derive reduced elastic modulus of the material using pre-defined mathematical model and
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relevant equation. It is noteworthy that the decreasing trend of the reduced elastic modulus is
obtained through use of the increased size of the contact region. Finally, loss tangent of the
material is obtained as a function of temperature. In Figure 7.4, it is demonstrated viscoelastic
measurements taken on PS domains. In most of the experiments it is observed that the
indentation crater left on the sample can be measured as 70 nm in diameter and 6 nm in depth.

Same procedure as explained in great detail above is valid for this domain of BCP.
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Figure 7.3 Local viscoelastic analyses of PMMA domains 66-63K PS-PMMA. Indentation crater (a) with
cross-section (c) are demonstrated. Changes of indentation depth and diameter as functions of temperature
(c) are used to estimate reduced elastic modulus (e) employing contact resonance frequency (d). Also,
loss tangent behavior (f) is obtained as function of temperature.
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Figure 7.4 Local viscoelastic analyses of PS domains on 66-63K PS-PMMA. Indentation crater (a) with
cross-section (c) are demonstrated. Changes of indentation depth and diameter as functions of temperature
(c) are used to estimate reduced elastic modulus (e) employing contact resonance frequency (d). Also,
loss tangent behavior (f) is obtained as function of temperature.
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7.2. Surface Property Mapping of Block Copolymers
We are able to grab surface mappings of mechanical properties of block copolymer

morphologies using phase-locked loop implemented atomic force microscopy, as experimental

setup is shown in Figure 7.5.

Frequency AFM Deflection
Input Signal Controller Signal .
nput=igha 'gna Actuation

\) K (/ Voltage
Y l
PLL Voltage

Detector & Controller Amplifier

Figure 7.5 Experimental setup design for surface mappings of nanomechanical properties of PS -PMMA
block copolymer samples. Oscillation frequency is automatically measured and set by PLL controller that
then sends actuation voltage to first voltage amplifier and next to the cantilever. Detected deflection
signal regarding that frequency is reported back to the PLL detector. Using a set phase value, changes in
frequency are sent back to AFM controller as input frequency signal later to be transformed into
frequency data points in obtained images.

In Figure 7.6, it is demonstrated surface maps of contact resonance frequency, contact
stiffness and reduced elastic modulus for 46-21K PS-PMMA cylindrical morphology block
copolymer. Two different materials, PS and PMMA, can easily be distinguished in the terms of
these properties. Besides, through a cross-section taken on reduced elastic modulus map also
clearly points two different values of the reduced elastic modulus for both materials. In addition,

the histogram of the obtained for the elastic modulus shows two different chunks clearly having

different values. Similar comments can be made for the results shown in Figure 7.7.
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Figure 7.6 Surface nanomechanical property measurements on 46-21K PS-PMMA cylindrical
morphology block copolymer samples. Contact resonance frequency map (a), contact stiffness map (b),
reduced elastic modulus map (c), reduced elastic modulus cross-section (d) and histogram of the reduced
elastic modulus (e) are provided.
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Figure 7.7 Surface nanomechanical property measurements on 37-37K PS-PMMA cylindrical
morphology block copolymer samples. Contact resonance frequency map (a), contact stiffness map (b),
reduced elastic modulus map (c), reduced elastic modulus cross-section (d) and histogram of the reduced
elastic modulus (e) are provided.
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CHAPTER 8: CONCLUSION

8.1 Applications

Viscoelastic material metrology technique developed in this study can be implemented to
numerous applications in polymer science. Characterization of polymer blends, composite
materials, multi-phase structures and biomedical products are pronounced among potential
applications of the Lorentz contact resonance local viscoelastic property analysis method.
Furthermore, the viscoelastic Lorentz technique has vast potential to replace existing
thermopyhsical material characterization technologies in the near future. Being less-deformative,
applicable to nano-scale domains and producing repeatable results, V-Lorentz is a promising tool

to effectively be employed in research labs, industrial applications and academic purposes.

8.2 Future Work

There are several aspects that may offer a future direction to improve the local
viscoelastic metrology technique presented in this work. First, the method can be employed on
blends of polymers having different thermophysical properties. Second, constitutive equations
can be developed to extract material properties of storage modulus, loss modulus, or hardness so
that more comprehensive material characterizations can be done. Third, temperature
measurements can be moved to higher order transitions such as crystallization, or melting.
Fourth, the harmonic oscillator model can be upgraded for best fit with different temperature
dependent responses of various materials. Last, V-Lorentz can be modified to applications of

multi-frequency atomic force microscopy operations (MF-AFM).
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8.3 Summary

This thesis demonstrates development of a material metrology technique for investigation
of viscoelastic properties of polymer films in the glass transition region. Initially, it is
demonstrated that tracking contact resonance frequency as a function of temperature can
reproducibly detect glass transition temperature. Then differential increase rate of cantilever
electrical resistance is monitored with respect to temperature increase. It is shown that the glass
transition phenomenon happens through a slight constant regime in the electrical resistance
curves. After that, differential power consumption of the cantilever is analyzed based on
continuous temperature increments. It is clearly demonstrated for the first time that the glass
transition temperature can be displayed with three definitive temperature points: onset, peak and
end. The trend of the power consumption curves are validated by glass transition temperature
measurements using Differential Scanning Calorimetry (DSC). In addition to these
measurements, viscoelastic properties of the polymer in the glass transition region are
investigated through implementation of harmonic oscillator model. Quality factor, contact
stiffness, viscous damping coefficient and elastic modulus are monitored as functions of
temperature within the glass transition region. The results are in agreement with harmonic
oscillator model. Moreover, multi-frequency actuation for contact resonance is exhibited
providing analyses for qualitative material properties. Also, a mathematical approach is
developed to model LCR cantilevers as in the form of homogenous rectangular beam. Finally,
local viscoelastic measurements taken on lamellar block copolymer film are presented. Also,
nanomechanical surface property mappings of both lamellar and cylindrical block copolymer

morphologies are provided.
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