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ABSTRACT 

The purpose of the research in this dissertation was to elucidate the intrinsic properties 

of how nanoparticles are different from bulk materials. This was done by mechanical and 

electronic studies of the properties of designed nanoparticles using advanced modes of atomic 

force microscopy. Information relating to the work functions, contact potential difference, 

Young’s Moduli, elasticity, and viscoelasticity can be investigated using state-of-the-art atomic 

force microscope (AFM) experiments. 

Subsurface imaging of polystyrene encapsulated cobalt nanoparticles was achieved for 

the first time using Force Modulation Microscopy (FMM) in conjunction with contact mode AFM. 

Previously prepared sample of polystyrene coated cobalt nanoparticles were studied. Tapping-

mode AFM was used to evaluate the size of coated nanoparticles. Force modulation microscopy 

was used to visualize details of the outer polystyrene coating. Differences between the softer 

polystyrene outer coating and the harder cobalt nanoparticle core was visualized based upon the 

elastic and viscoelastic properties. Variances in sample elasticity were monitored via the 

amplitude channel that monitors the oscillation amplitude of the cantilever while scanning. 

Viscoelastic differences were mapped by the phase channel which provides information of the 

phase lag of the probe. 

The identification of designed nanoparticles based upon electrochemical properties was 

evaluated using the Kelvin Probe Force Microscopy (KPFM) mode of AFM. The contact potential 

difference between the tip and the sample is measured using an AC bias that is offset with a 

compensating DC bias while operating in either tapping-mode or non-contact mode AFM. The 

contact potential difference is more commonly referred to as the difference in work function 
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between the tip and the sample. The work function of a material can be calculated using a 

reference material with a known work function. Cobalt nanoparticles and gold nanoparticles 

were imaged using KPFM and baseline experimental contact potential difference values were 

obtained. Thus far, co-deposition of a mixed nanoparticle solution led to inconclusive results as 

the experimental and theoretical contact potential difference values were calculated. However, 

future studies relating to this experiment are planned. 
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CHAPTER 1. INTRODUCTION 

Approaches developed in this dissertation consist of discriminating between similarly 

sized nanoparticles through studies of the physical properties of selected nanoparticles. 

Applications of Force Modulation Microscopy (FMM) include elucidation of copolymer packing 

at the nanoscale, nanoparticle characterization, and quantitative elastic and viscoelastic 

measurements. Applications of Kelvin Probe Force Microscopy (KPFM) include fundamental 

nanoscale work function measurements, insight into nanoscale p-n junctions, and local density 

of states investigations. Fundamental research at the nanoscale with visualization of nanoparticle 

domains based upon changes in the elastic and viscoelastic properties can furnish molecular-level 

insight into the surface properties of nanomaterials. Experiments using advanced modes of AFM 

coupled with tapping-mode or contact mode AFM were designed for nanoscale studies. 

1.1 Scanning probe microscopy at the nanoscale 

The field of molecular and atomic-scale surface imaging emerged when the scanning 

probe microscope was introduced in 1981 with Binnig and Rohrer credited as the first to 

successfully experiment with the instrument.1 Images with atomic resolution have been useful in 

furthering the fields of materials science, surface science,2,3 polymer chemistry,4 and molecular 

devices.5 With invention of the original scanning probe microscope, more than 50 different 

imaging modes have been developed with more being developed as the technology improves. 

Newer modes couple topographical information with electronic, magnetic, and spectral 

properties of nanomaterials. Advancement of new modes continually increases resolution and 

contrast into the atomic realm. Description of the history of scanning probe microscopy as well 



2 
 

as operating principles of modes used in research will be presented in Chapter 2 of this 

dissertation.  

1.2 Electrostatic force measurements of nanoparticles 

 Surface potential and estimates of the dielectric constant can be worked out through the 

imaging of samples with electrostatic force microscopy (EFM) and Kelvin Probe Force Microscopy 

(KPFM), as presented in Chapter 3. Together these modes can be used to produce detailed 

surface potential maps and material work functions for fundamental understanding of nanoscale 

surface science. In this study, nanoparticles of both cobalt and cerium oxide were deposited onto 

a substrate and image with AFM. The types of nanoparticles cannot be distinguished using 

conventional tapping-mode or contact mode techniques. Studies with EFM and KPFM were used 

to investigate differences in the electrostatic forces of the nanoparticles. The mode of EFM 

couples conventional tapping-mode AFM with an added AC bias that is applied between the tip 

and sample surface. The bias produces an oscillation of electrostatic forces that cause the probe 

to respond in different ways relative to the strength of the forces. Studies with KPFM build upon 

EFM by applying a backing DC bias to the sample to nullify the contact potential difference. When 

the work function of the tip is known, the work function of the sample can be calculated from 

the value given by the applied DC bias that nullifies the buildup of electrostatic charge between 

the tip and the sample. 

1.3 Comparison of electrochemical properties utilizing the Kelvin Probe Force Microscope 

 A novel approach for differentiating between similarly sized nanoparticles was studied 

using the Kelvin Probe Force Microscope, as described in Chapter 3. In this study, cobalt 

nanoparticles and gold nanoparticles of similar sizes were imaged with KPFM, first, separately, 
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then as a co-deposited mixture on an HOPG substrate. One of the ways to distinguish between 

similarly sized nanoparticle species is to measure and compare the contact potential difference 

that is measured with the KPFM mode. Highly oriented pyrolytic graphite (HOPG) was used as a 

substrate to reduce the amount of surface contamination that has been shown to affect 

measurements of contact potential. There are promising new ways to try to distinguish between 

dissimilar nanoparticles using the Kelvin Probe Force Microscope.  

1.4 Polymer-encapsulated metal nanoparticles studied with force modulation microscopy 

 Visualization of the hard and soft areas of nanoparticles was achieved through the use of 

Force Modulation Microscopy (FMM), as described in Chapter 4. In designed experiments, 

polystyrene-encapsulated cobalt nanoparticles were imaged with a home-built force modulation 

sample stage. Operated in contact mode, the piezoceramic chip in the stage vertically oscillates 

the sample at a programmed frequency. Nanoscale elastic and viscoelastic variances in the 

sample can be probed as the cantilever responds to changes, accordingly, through monitoring 

the amplitude and phase channels of the AFM. In theory, areas with a higher elasticity will absorb 

more of the energy of the cantilever causing the amplitude of the oscillation to be dampened. 

Conversely, harder areas, having a lower elasticity, will cause the tip to oscillate closer to the 

input driving amplitude of the piezoceramic. Viscoelastic variations are tracked through the 

phase channel as qualitative information about the time-dependence of sample deformation can 

be obtained. Quantitative information including the Young’s modulus of the sample can be 

estimated when tip geometry is known. To prevent aggregation of the ferromagnetic 

nanoparticles, two-particle lithography was used for sample preparation. 
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1.5 Synopsis 

 Scanning probe studies of nanoparticles with experiments to evaluate the inherent 

properties of nanomaterials offers new ways of analyzing materials at the nanoscale. Details that 

may not be visualized simply through topographic channels can be studied with advanced 

measurement modes of AFM. 
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CHAPTER 2. EXPERIMENTAL APPROACHES WITH ATOMIC FORCE MICROSCOPY 

2.1 Contact Mode 

Contact mode atomic force microscopy (AFM) was first demonstrated in 1986 by IBM 

scientist Gerd Binnig with the first experiment conducted along with Calvin Quate and Christoph 

Gerber. In contact mode, a cantilever with a very sharp silicon nitride tip is raster scanned across 

a surface to deduce topographical sample information as well as complex tip-sample interactions. 

As the AFM probe is scanned across the surface, a diode laser is reflected off the back of the 

cantilever to a position sensitive photodiode. Sample topography is monitored by mapping 

changes in the laser height as read by the photodiode. Any vertical displacement of the laser 

caused by a change in flexing of the cantilever results in the servo correcting the position of the 

AFM probe so as to maintain the original scanning parameters.  

There are three main channels of information that can be collected with contact mode 

AFM: topography, deflection, and lateral force or friction (Figure 2.1). A topographical image is 

generated by placing the cantilever in contact with the sample surface and applying a desired 

force. The contact force is commonly measured in volts and then converted to nanometers. 

Height variances are measured as the voltage needed to restore the cantilever to the original 

setpoint is tracked. The force that is applied is proportional to the spring constant of the 

cantilever and causes the cantilever to bend. The bending of the cantilever is kept constant during 

imaging in contact mode since the degree of bending is proportional to the applied force. The 

applied force is monitored by a position sensitive photodiode that captures the signal of diode 

laser reflected from the back of the cantilever. A +y axis displacement of the laser to the diode 

indicates an increase in force felt by the cantilever; i.e. a decrease in tip-sample displacement. 
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Signal generated by the photodiode is sent to the computer and the servo renormalizes the force 

applied to the cantilever to the original setpoint.  

 

 
Figure 2.1: Schematic representation of contact mode atomic force microscopy 

The deflection channel of information is essentially an error signal. It is the difference 

between the initial value for the setpoint of the cantilever and the return signal. This channel will 

yield no information of the sample properties, because the setpoint is chosen to remain constant.  

Lateral force, and friction in some instances, is calculated from the torsional twisting of 

the cantilever caused by interactions between the sample and tip that occur while the tip is raster 

scanned across the surface. The tip-sample interactions can be both physical and electrostatic. 

The degree of torsional twisting of the cantilever is dependent upon tip-sample interaction as 

well as the how much the cantilever responds to strain. 

In typical contact mode imaging, the force on the tip in the repulsive regime is on the 

order of 1 x 10-9 N and is kept constant by a computer controlled feedback loop. Commonly 

referred to as the simplest imaging mode of AFM, typical contact mode probes have spring 
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constants on the order of 0.05-5.0 N/m. A typical size of the tip apex is on the order of 10 nm. 

Sample imaging is usually limited to robust, non-biological samples that cannot be altered or 

destroyed by the imaging process. In the case of biological samples and samples that need more 

care taken while imaging, tapping-mode AFM is typically the preferred choice as it minimizes 

problems caused friction, adhesion, and electrostatic forces.  

The use of integral and proportional gains while imaging in contact mode can limit the 

amount of error and help fine-tune other imaging parameters. This is accomplished with the use 

of a PID controller, short for proportional-integral-derivative controller, and an effective device 

used to minimize error over time. Accounting for present error values, the proportional gain 

controls output that is dependent on the current error values. However, error can build up over 

time causing the P gain to not sufficiently minimize the error signal. The Integral gain, I gain, takes 

past values of error into account in determining the necessary output to apply to the piezoelectric 

controller. The feedback control loop is not complete without the use of the PID controller. 

Adjustment of the integral and proportional gains, along with a few other parameters, controls 

the frequency of the feedback loop. 

2.2 Tapping-mode Atomic Force Microscopy 

Tapping-mode AFM, sometimes referred to as intermittent contact AFM, is a technique 

used to acquire high-resolution nanoscale images of a sample surface without damaging fragile 

samples (Figure 2.2). With tapping-mode, a cantilever with a very fine tip is mechanically 

actuated by a piezoceramic material at its resonant frequency causing the tip to vibrate in an 

undulating fashion. As with contact mode AFM, a diode laser is directed at the back of the 

cantilever and reflected to a four-quadrant photodiode. Any change in the displacement 
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amplitude of the laser to the diode reveals detailed information about changes in surface 

topography. Any lateral displacement of the laser is due to torsional twisting of the cantilever 

which details tip-sample interactions based on physical and electrostatic interactions. 

 

 
Figure 2.2: Tapping-mode atomic force microscopy 
 

Once the diode laser light is intercepted by the photodiode, the signal is sent to the 

detector where a feedback loop is set to maintain a constant tapping amplitude of the cantilever. 

Attenuation or amplification of the tapping amplitude causes an electronic servo to renormalize 

the tapping height by making minor adjustments to the AC bias feeding the piezoceramic. The 

feedback loop enables the tip-sample distance to remain constant at a selected amplitude setting 

during imaging. A frequency sweep is performed to determine the resonance frequency of the 

cantilever. The tip must be an appropriate distance away from the sample as any interaction with 

the sample during the response sweep can dampen the desired tapping amplitude of the 

cantilever. Once the desired free amplitude of oscillation is chosen, the imaging amplitude will 



9 
 

be a specific percentage of the free amplitude depending on the amount of force that is needed 

for feedback to achieve good topographic resolution. 

Tapping-mode produces three main output channels: topography, amplitude, and phase. 

The topography of the surface is collected from the vertical displacement of the laser into the 

photodiode. The phase channel details tip-sample interactions that cause the tip to be slightly 

altered from the tapping frequency. The phase lag is a difference in phase between the input 

driving signal and the return signal. Phase images have been used to map surface properties that 

include surface adhesion, viscoelasticity, and friction. 

The intermittent force that is applied by the probe to the sample should be kept to a 

minimum as to not induce damage to the oscillator. Typical spring constants for tapping-mode 

AFM tips are in the range of 1-100 N/m which is greater than probes used in contact mode 

imaging. The advantages for using tapping-mode versus contact mode are associated with the 

reduction in adhesion, friction, and electrostatic forces. Forces that are typically present when 

the probe is in contact with a sample surface can damage the tip leading to imaging artifacts that 

are generally not encountered when imaging with tapping-mode.  

2.3 Lord Kelvin and parallel capacitive metal plates 

In 1898, Scottish physicist, Sir William Thompson, demonstrated that a potential energy 

difference is created between two parallel conductors when brought into electrical contact. The 

build-up of the potential energy was caused by the equilibration of the work functions between 

the metal plates. The work function is the amount of force that is needed to remove an electron 

from the surface of a conducting material to the vacuum energy level, an arbitrarily distant 

length. When two metals or semiconductors with dissimilar work functions are brought into 
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electrical contact with each other, electrons from the material with the lower work function flow 

to the material with the higher work function until the Fermi levels are aligned and equilibrium 

is reached. The Fermi level, in this specific case, is not a tangible energy level and is defined as 

the level at which there is a 50% probability of electron occupation. In essence, the parallel plates 

act as a capacitor and can store energy between the plates as a function of voltage, distance, and 

surface area. The contact potential is mitigated through an applied backing potential so that the 

surface charges disappear. The backing potential at which there is no residual build up in charge 

between the capacitor is equal and opposite in sign to the contact potential difference. 

Furthermore, the work function of a metal or semiconductor can be determined through 

normalizing the measurement to known work functions of different materials. As well, 

information about the distribution of local surface charges can be obtained for insulating 

materials. 

2.4 Electrostatic Force Microscopy Theory and Previous Studies 

The electrostatic force microscope (EFM) is an analog mode of AFM that adds an AC bias 

to modulate electrostatic forces between the probe and sample. Similar to tapping-mode or non-

contact mode AFM, EFM is used to measure the topography of a surface while simultaneously 

acquiring local electrostatic forces as a function of position. The EFM is a powerful tool in 

nanochemistry research as nanoscale resolution for topography and surface potential images can 

be achieved. Typical applications of EFM include characterization of surface electrical 

properties,6-8 interfacial charge transport measurements,9 defect analysis of integrated 

circuits,10, 11 and investigation of electronic properties of nanomaterials.12, 13  



11 
 

Since the introduction of scanning force microscopy, and more particularly Kelvin Probe 

Force Microscopy in 1991, the use of EFM for sample investigation and characterization did not 

become as popular until the 2000’s. The increase in popularity corresponded to an increase in 

image resolution and the true potential of the instrument was realized as the technology 

advanced.14 The original paper that details the ability for an AFM user to image electrostatic 

forces details the requirements that must be met for actual surface potential measurements. The 

first operational electrostatic force microscope was introduced by Nonnenmacher et al. with the 

invention of the Kelvin Probe Force Microscope (KPFM).14  In some cases, increase in resolution 

can be attributed to ultrahigh vacuum coupled with cryogenic temperatures.15, 16 Contact 

potential difference images of Au adsorbed onto Si(111) operating was achieved at the atomic 

scale in the noncontact regime by Kitamura et al.17 Surface charge density and the investigation 

of domain structures in ferroelectric materials was reported by Hong et Al.18 The next section will 

describe contact potential difference. Chapter 3 includes topics of EFM instrument operation, 

the theory of Kelvin Probe Force Microscopy and instrumental operation and resolution limits. 

2.5 Studies of contact potential differences 

A contact potential difference (CPD) exists when two dissimilar materials are brought into 

close, intimate contact with each other affecting the total electrostatic field between the two 

materials. The CPD between the materials results from formation of a thermal and chemical 

equilibrium formed within the junction.19  

In the simplest case, the free electrons in metals occupy different energy levels in the 

material with the Fermi Level (EF) considered in this case to be the energy level at which there is 

a 50% probability of electron occupation at a given time.20 Since the Fermi level is a probabilistic 
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entity, it does not have to be a real, tangible energy level.21 The Fermi Level in this case is 

commonly referred to as the chemical potential. In metals and solid-state materials, the chemical 

potential at the surface is a periodic distribution of potential energy determined by the crystalline 

structure of the material. Charges can be localized to areas of a crystalline structure that produce 

an electric potential that extends beyond the immediate surface of the material. The average 

amount of energy needed to bring an electron from the surface of the material to an arbitrary 

distance beyond the material surface is considered to be the work function of a material. The 

difference between the Fermi level and the electrostatic potential that the electron needs to 

overcome is measured in eV. When two crystalline materials are electrically connected, the 

electrons will reach diffusive and thermal equilibrium causing the Fermi level of each material to 

align with one another. Alignment of the Fermi levels creates an electrostatic field that exists 

across the junction that separates the materials. The potential difference that is created between 

opposite ends of the junction is referred to as the contact potential difference (CPD). The 

electrons that diffused from the solid with a higher Fermi level to the one with the lower Fermi 

level create a net positive charge on the material with a lower work function while concurrently 

causing the material with a higher work function to become more negatively charged. The total 

amount of transferred charge resides on the surface of the materials and creates an electrostatic 

potential difference, denoted VCPD. By determining the CPD, the difference in work functions of 

the two dissimilar materials can be elucidated when standardized with a reference material.20 
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CHAPTER 3. ELECTROSTATIC FORCE MICROSCOPY AND KELVIN PROBE FORCE MICROSCOPY 

3.1 Electrostatic Force Microscopy  

Electrostatic properties of a surface can be intricately probed using electrostatic force 

microscopy.22 Tip-sample interactions, and the effect on the cantilever oscillation are detailed by 

how the tip interacts with the sample when factoring in the presence of an electrical potential 

difference built up between the tip and sample. In simplest terms, the tip and the sample form a 

capacitor in which charge can be stored per unit of voltage.23 The capacitance that is formed 

between the probe and the sample is dependent on the probe-sample separation and will 

invariably change with time. Electrostatic force microscopy was developed to map surface 

potential changes for a sample. Lift mode and variable bias are the two main modes used in EFM 

measurements and differ based on whether the tip deflection or the bias is monitored. In the this 

dissertation, a single-pass imaging technique was used with a triple lock-in amplifier system 

enabling simultaneous monitoring of topography and surface potential while maintaining 

feedback parameters at selected frequencies. 

Lift mode operation is based upon the principle that the electrostatic forces generated 

between the probe and sample interact over a greater distance than van der Waals forces. 

Increasing probe-sample separation can separate electrical force information from topographical 

details. Probe-surface separation is typically in the range of 10-50 nm as this minimizes van der 

Waals forces while also continuing to be within range of electrostatic forces propagating from 

the surface.24 Lift mode is a dual scan technique that generates a topographical map of the 

sample during the first scan and retraces the surface profile in the second scan as to maintain a 
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constant probe-sample separation.25 Since the mechanical oscillation of the tip is null for the 

second scan, no feedback loop is required, enabling faster scanning.  

The initial topography scan can be performed in either tapping-mode or contact mode. A 

constant voltage is maintained with the tip during the second pass as the probe retraces the 

topography map. An attractive electric field gradient will cause the tip to be pulled towards the 

sample whereas a repulsive gradient will cause the tip to be deflected away from the surface. 

The deflection of the cantilever, or change in frequency if using tapping-mode, is monitored in 

the second scan as it is proportional to the charge density of the surface.26 Thereby, areas with a 

greater electrostatic potential caused by a bigger difference in work function between the tip 

and the sample will cause greater deflection of the cantilever. 

The second mode of EFM, variable bias, generates surface potential images as the voltage 

on the tip is constantly adjusted to maintain constant deflection or amplitude of the cantilever. 

The absolute value of the electrostatic potential can be mapped out using the variable bias mode. 

For EFM, tapping-mode or non-contact mode is coupled with an AC bias applied between 

the tip and the sample.  Acquisition of detailed topographic maps of the sample surface is enabled 

while simultaneously providing high spatial resolution of surface potential. The AC bias is applied 

to modulate an electrostatic field between the probe and the sample. The total force felt by the 

cantilever is a combination of the electrostatic force from the applied AC bias, van der Waals 

interactions, and mechanical forces caused by oscillation of the cantilever above the sample.27 

The spatial resolution is dependent upon certain factors and will be addressed later. Amplitude 

modulation (AM) and frequency modulation (FM) are the two sub-modes in which EFM can be 

operated in while using tapping-mode. In amplitude modulation, the probe is oscillated above 
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the surface about 10% lower than the maximum amplitude of the mechanical resonance peak. 

The damping of the amplitude of the cantilever oscillation is monitored and held constant to 

acquire high resolution topography images. An AC bias is applied between the tip and the sample 

at a frequency generally between 5 kHz and 20 kHz making sure that the chosen frequency is not 

a factor of the mechanical resonance frequency of the tip. The frequency is chosen as to limit 

unwanted crosstalk between the mechanical oscillation of the tip and the applied AC bias 

frequency. The deflection, or amplitude, of the cantilever at ωelec. is monitored by a second lock-

in amplifier which interprets the electrostatic interactions between the tip and the sample. 

Further, additional force variations detailing a capacitive gradient can be observed at 2ωelec.  

3.2 Derivation of Forces Acting upon Cantilever 

Further elucidation into the theory behind this technique is explained by deconstructing 

the system and treating it as a simple capacitor operated in tapping-mode. The conductive 

cantilever is mechanically oscillated near its resonance frequency, ω0, at a distance of 10-50 nm 

from the sample surface. A potential difference is generated between the tip and the sample 

through a controlled bias voltage. The cantilever is used as a force detector that senses the 

electrostatic force created by alteration of the potential difference generated between the tip 

and sample. The total amount of force acting on the tip is comprised of van der Waals 

interactions, generated electrostatic forces, Coulombic forces, and mechanical force attributed 

to the oscillation of the tip.  

According to theory, the tip will experience a force due to the capacitance gradient 

generated by a potential difference between the tip and sample. The electrostatic force 

experienced by the tip due to the capacitance gradient can be described as in Equation 3.1. 
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𝐹(𝑧,𝑡) =  −
1

2

𝑑𝐶

𝑑𝑍
(𝑉𝑆 + 𝑉𝐷𝐶 + 𝑉𝐴𝐶cos𝜔𝑡)2   Eq. 3.1 

=  −
1
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𝑑𝐶

𝑑𝑍
𝛥𝑉2

= −
1
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𝑑𝐶

𝑑𝑍
[(𝑉𝑆(𝑥, 𝑦) − 𝑉𝑃𝑟𝑜𝑏𝑒)2 + 2(𝑉𝑆(𝑥, 𝑦) − 𝑉𝑝𝑟𝑜𝑏𝑒)𝑉𝑠𝑖𝑛𝜔𝑡

+
𝑉2

2
[1 − 𝑐𝑜𝑠2𝜔𝑡]] 

 
 

Where VS is the potential of the sample, VDC is the externally applied DC bias voltage, and 

VAC is the set AC bias applied from the tip. The electrostatic force is proportional to the square of 

the voltage and the influence to the cantilever can be attributed to DC, ω, and 2ω contributions. 

The DC component is a static deflection of the cantilever attractively pulled towards the sample 

surface. The ω component is attributed to the varying AC electric field and the 2ω component is 

only dependent upon the capacitance between the electrodes caused by the AC bias. The ω 

component of force disappears when an offsetting DC bias is applied to the tip to nullify the 

contact potential difference such that VS + VDC = 0. The applied DC bias that compensates for the 

ω component of force is equal in magnitude but opposite in charge, therefore, quantitative 

contact potential difference measurements can be attained. For surface potential 

measurements, controlling the electrostatic force acting upon the tip is necessary for producing 

quantitatively accurate measurements. 

3.3 Instrumentation design and operation for the electrostatic force microscope 

 The electrostatic force microscope (EFM) is an AFM with additional components that 

enable highly resolved measurements of the electric field gradient between the tip and sample 
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to be attained. Operating principles for EFM and KPFM can be better described with the help of 

Figure 3.1. Operation of EFM and KPFM for amplitude modulation topography imaging coupled 

with amplitude modulation electrostatic force imaging (AM-AM mode) while in intermittent 

contact mode is described. In AM-AM mode, a lock in amplifier (LIA1) is used to monitor the 

response of the oscillated cantilever being driven by the piezoactuator at its first mechanical 

resonance frequency. The second lock-in amplifier (LIA2) applies AC and DC biases to the probe 

and detects the electrostatic response of the cantilever from the photodetector. The AC bias 

frequency is specifically chosen as to not be a factor of the mechanical resonance frequency of 

the cantilever as a way to minimize crosstalk. The third lock-in amplifier (LIA3) is used to 

determine the amplitude response at 2ωelec. and is directly connected to the photodetector. In 

this case the amplitude detected is proportional to the electrostatic force thereby equivalent to 

dC/dZ. Local dielectric permittivity can be elucidated from the signal detected by the LIA3.28, 29 

 

 
 
Figure 3.1 Instrument set-up for Electrostatic Force Microscopy and Kelvin Probe Force 
Microscopy. The AM-AM mode is depicted as FM-AM and has additional requirements. 
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The topography and surface potential of the sample are measured simultaneously and 

each require a feedback loop to generate high-resolution images. The first feedback loop is used 

to generate a topography image. The diode laser is reflected off the back of the cantilever to a 

photodiode detector. Operating in tapping-mode, the amplitude of the cantilever is fixed to a 

specific tapping amplitude setpoint determined by the user. The Z-servo sends a DC bias to the 

XYZ piezo to compensate for the detected change in tapping amplitude as monitored by lock-in 

amplifier 1. As such, a damping of the tapping amplitude is indicative of a decrease in the desired 

tip-sample separation and the tip is retracted from the sample, accordingly. 

The feedback loop for the surface potential measurement works on the operating 

principle of minimizing the electrostatic forces generated by an oscillating AC bias between the 

tip and sample. Lock-in amplifier 2 is used to monitor the oscillation amplitude at the electrical 

frequency generated by the applied AC bias. A backing potential is used to minimize, or even 

nullify, the response of the tip at the electrical frequency. The magnitude of the backing potential 

that nullifies the signal at ωelec. is output as the surface potential of the sample.  

3.4 Kelvin Probe Force Microscopy 

The working principle behind the Kelvin Probe Force Microscope is based upon the 

electrostatic buildup of charge between a sample and an oscillating tip. There is an inherent 

difference in work function between a platinum coated tip and a conducting sample. The work 

function is the energy difference between the Fermi level of the material and the theoretical 

vacuum energy level. Contact potential difference is used to refer to the difference between the 

work functions of the tip and the sample. When a reference material is used, the absolute work 
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function of a material can be found. This potential difference between the tip and the sample is 

commonly defined by Equation 3.2. 

𝑉𝐶𝑃𝐷 =
𝜑𝑡𝑖𝑝−𝜑𝑠𝑎𝑚𝑝𝑙𝑒

−𝑒
      Eq. 3.2 

 
The φtip and φsample denote the work function of the tip and the sample, respectively. The 

contact potential difference is the difference in work function between two metals per unit 

charge.30 The buildup in charge between the tip and the sample after alignment of the Fermi 

levels leads to extra forces beyond those associated with the mechanical oscillation of the tip. 

When the additional forces are nullified with a backing potential, it is assumed that the contact 

potential difference is equal in magnitude and opposite in charge to the backing potential. 

Nullification of the extra forces that act on the tip can be monitored. First, the tracking of the 

change in amplitude from its normal oscillation amplitude and, secondly, through tracking the 

frequency shift caused by the buildup of charge creating the two different imaging modes of AM-

KPFM and FM-KPFM, respectively. The two approaches do not generate quite the same data. A 

change in the oscillation amplitude will determine an absolute contact potential difference, 

whereas, tracking the change in frequency enables measurements of the gradient in the contact 

potential difference. Once the contact potential difference of the sample is measured, the work 

function of the sample can be determined when the data is normalized to the known work 

function of the tip. The theory behind how a contact potential difference is formed between 

dissimilar materials is outlined in Figure 3.2. 

 



20 
 

 
 
Figure 3.2 The electronic energy levels of the AFM probe and sample and how it evolves during 
KPFM imaging. (A) Probe and sample are not in electrical contact and are separated by distance, 
d. (B) Sample and probe are in electrical contact. (C) An externally applied bias (VDC) is applied 
between the probe and sample to minimize the detectable contact potential difference. 
 
  

An additional layer to the measurement of contact potential differences between the tip 

and sample arises when an AC bias plus a DC bias is applied to the AFM tip. The addition of the 

AC bias creates a time-dependent oscillation in the buildup of electrical forces in the capacitor 

that is then nullified with the backing DC bias. The force as a function of distance between the 

capacitive plates is determined by Equation 3.3. 

 

𝐹𝑒𝑠(𝑧) =  −
1

2
𝛥𝑉2 𝑑𝐶(𝑧)

𝑑𝑧
    Eq. 3.3 

 
In Equation 3.3, z is the distance between the probe and the sample perpendicular to the 

sample surface and ΔV is the difference between the contact potential difference and the voltage 

applied by the AFM. When a AC bias is applied to the tip, ΔV is summed up by the following 

Equation 3.4 with the bias being applied from the tip 

 
𝛥𝑉 = (𝑉𝑡𝑖𝑝 ± 𝑉𝐶𝑃𝐷) + 𝑉𝐴𝐶sin (𝜔𝑡)     Eq. 3.4 
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Equation 3.3 can be substituted into Equation 3.4 to form Equation 3.5 which is comprised 

of three separate parts detailing the forces that are present at each component.  

 

𝐹𝑒𝑠(𝑧, 𝑡) = −
1

2

𝜕𝐶(𝑧)

𝜕𝑧
[(𝑉𝐷𝐶 ± 𝑉𝐶𝑃𝐷) + 𝑉𝑎𝑐 sin(𝜔𝑡)]2   Eq. 3.5 

 
The electrostatic force that arises from the DC bias contribution causes a static deflection 

of the cantilever where the magnitude of the force can be calculated as shown in Equation 3.6:  

 

𝐹𝐷𝐶=−
𝜕𝐶(𝑧)

𝜕𝑧
[

1

2
(𝑉𝐷𝐶 ± 𝑉𝐶𝑃𝐷)2]    Eq. 3.6 

 
The contact potential difference between the sample and the tip is detected by 

minimizing the electrostatic forces that exist at the resonant tapping frequency.  

 

𝐹𝜔 =
𝜕𝐶(𝑧)

𝜕𝑧
(𝑉𝐷𝐶 ± 𝑉𝐶𝑃𝐷)𝑉𝐴𝐶 sin(𝜔𝑡)                  Eq. 3.7 

 
The buildup of charge between the tip and the sample per unit voltage, the capacitance, 

can be monitored by measuring the additional forces that exist at 2ω. Capacitance microscopy 

can be performed based on Equation 3.8 and is not dependent upon the contact potential 

difference generated. 

 

𝐹2𝜔 =
𝜕𝐶(𝑧)

𝜕𝑧

1

4
𝑉𝐴𝐶

2 [cos(2𝜔𝑡) − 1]    Eq. 3.8 

 
The theory behind KPFM is dependent upon the additional electrostatic components that 

alter the resonant oscillation of the cantilever. In the case of single-pass KPFM, the cantilever is 

mechanically oscillated at close to the resonant frequency of the tip. An AC bias applied from the 



22 
 

tip to the sample causes additional electrostatic forces to arise which alter the amplitude of 

oscillation and the frequency of the cantilever’s motion. Nullifying the additional forces with a 

compensating DC bias enables measurements of contact potential difference (CPD). Monitoring 

the additional forces at frequency ω caused by the AC bias is accomplished by using a lock-in 

amplifier. Because the output signal of the lock-in amplifier is proportional to the difference 

between the CPD and the applied DC bias, the CPD can be accurately determined as it is equal in 

magnitude and opposite in charge to the compensating DC bias. The value of the DC bias at every 

point in the scan is constructed into a two-dimensional potential energy map of the surface.  

There are two different feedback loops that can be monitored to detect any deviation in 

tip oscillation caused by the buildup of electrical charges. The electrostatic forces built up at Fω 

are experimentally determined through nullifying the amplitude at ωelec., amplitude modulation, 

or by monitoring then negating the frequency shift at ωelec., frequency modulation. In both 

modes, the topography of the sample is measured as it would be for tapping-mode or non-

contact AFM. The additional feedback loop has no influence on the topographic measurements 

outside of possible crosstalk and is an adjunct mode to tapping-mode.  

In amplitude modulation, the feedback signal is generated by monitoring the change in 

amplitude of the cantilever oscillation as caused by attractive and repulsive forces between the 

probe and sample.31 Topography is measured at the first mechanical resonant frequency, ω, 

which is selected by the user after a frequency sweep of the cantilever is completed. To 

determine the resonance frequency of the cantilever, an AC bias is applied to the piezoceramic 

in the nosecone and a frequency sweep in the range of 1-300 kHz is performed. At resonance, 

the tapping amplitude of the cantilever will increase from the noise level to a greater value 
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depending upon the magnitude of the bias applied. The second resonant frequency can be 

monitored for any change in the oscillation amplitude of the mechanically actuated cantilever. 

However, changes in oscillation amplitude stemming from the addition of an AC bias occur at 

multiple frequencies and the second resonant frequency may not need to be monitored. In the 

case of the instrument used, frequencies on the order of 10-20 kHz were commonly used to 

acquire KPFM images in tapping-mode. Generally, a non-integer value for the monitored ωElec. is 

used as to limit the potential for crosstalk between the mechanical oscillation of the probe and 

the electrical field.  

As AM-KPFM is operated in tapping- or non-contact modes of AFM, the tip-sample 

interaction decreases as the distance increases. As such, the oscillation amplitude of the 

cantilever should increase as the tip-sample distance increases. The tip-sample system can be 

analytically described by classical mechanics using the harmonic oscillator model as the force 

between the tip and the sample determines the change in amplitude.32 The harmonic oscillator 

model dictates that the amplitude modulation mode of AFM measures the direct force between 

the tip and the sample and gives a single value, However, the force gradient between the tip and 

sample can be analyzed using the frequency modulation mode of KPFM. 

Frequency modulation AFM provides insight into the force gradient between the probe 

and the sample as the shift in cantilever oscillation frequency is nonlinear and is dependent upon 

the tip-sample distance. It is assumed that the restoring force of the oscillating cantilever is large 

when compared to the interactive forces between the probe and sample so that the probe is only 

minimally perturbed. The FM-KPFM set-point is regulated by a feedback system that mitigates 

any shift in frequency back to the original set-point. The range of frequencies that can be used 
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for FM-KPFM is controlled by an upper and lower limit. The lower limit of detection is reached 

when cross talk between the topography signal and the AC bias occurs resulting in an oscillation 

in tip-sample distance at ωMech. Increasing the AC frequency lowers the degree of coupling 

between the topography and contact potential difference but frequency demodulator bandwidth 

limits the upper threshold. The fact that FM-KPFM determines the tip-sample force gradient 

rather than the absolute force value realized with AM-KPFM generally enables higher resolution 

with FM-KPFM. 

3.5 Resolution and limitations of KPFM 

The contact potential difference of a surface can be convoluted by factors such as tip 

geometry, localized capacitance, backing voltage, temperature fluctuations, and even 

atmospheric conditions. Tip geometry affects the capacitive buildup of charges between different 

points on the tip and the surface and the relative size of the tip in relation to minor areas of local 

electrostatic density.33-35 The ideal tip-sample set-up for imaging using Kelvin Probe Force 

Microscopy is depicted in Figure 3.3. Ideally, the contact potential difference measurement 

occurs between just two points, the apex of the tip and the part of the sample directly 

underneath the tip when in contact with the sample.  

The area of interaction between the probe and the sample can adversely impact the 

resolution of the surface potential measurement. For instance, a probe with a tip apex of 20 nm 

interacting with an area of the sample with a high charge density is localized to a nanometer sized 

domain. As the tip scans across the surface, electrostatic forces generated within the localized 

domain can interfere with the tip when not directly perpendicular to the domain resulting in 

convolution and will lead to inaccurate representations of the local surface potential. The 
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electrostatic forces have a range of up to several microns as opposed to van der Waals forces 

which generally fall between 10-20 nm.  

 Electrostatic forces that extend upwards of a few microns influence, not only the tip, but, 

the cantilever beam as well. This has been extensively modeled in previous literature and the 

electrostatic force acting upon the cantilever beam can be treated using a parallel plate capacitor 

model. Imaging of nanometer sized domains generate a total force acting on the tip/cantilever 

that is actually a weighted average of the forces between all points of the tip and cantilever. Since 

the cantilever is much larger than the tip, the increased interaction between it and the underlying 

substrate relative to the tip-substrate interaction results in lower lateral resolution; the color 

gradient and contrast of the image is not as sharp as it should be.  

Further error deriving from sample convolution can be attributed to the feedback system 

that is used to minimize the electrostatic force contribution to the tip motion. Attempt at 

nullifying the electrostatic component of tip motion will include minimizing the contribution from 

the cantilever-surface capacitor system as well since the feedback system monitors the 

amplitude at ωelec.. A way to reduce or eliminate the convolution is to use a substrate with an 

equipotential surface that is much larger than the surface area of the cantilever. The weighted 

average at every position along the surface will be similar and divergence will stem from 

inhomogeneously altered areas of the prepared sample. 

The detection mode for KPFM can also affect the resolution of imaging as force 

modulation KPFM has seemingly better resolution than amplitude modulation KPFM. An increase 

in resolution between FM-KPFM when compared to AM-KPFM can generally be attributed to the 
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fact that a force gradient is measured in frequency modulation mode whereas the total force is 

measured in amplitude modulation. 

 

 
 
Figure 3.3  Multiple capacitive systems comprise the total capacitive gradient between the tip 
and surface. 
 
 

Comparison between the two modes has been previously studied detailing that frequency 

modulation generally provides images with greater lateral resolution. In FM mode, the tip apex 

is mainly what is contributing to the measured signal whereas detection in AM mode is more 

dependent upon the shape of the entire tip.36 However, AM mode is more widely used for KPFM 

because lower AC voltages can be used enabling the imaging of semiconducting materials that 

might have band bending when a greater bias is used.37 

Ideally, the capacitance between the tip and the sample is measured in an atom-to-atom 

measurement. This is not theoretically possible as a capacitive gradient is built up between the 

tip and the sample and is dependent on the shape of the tip. The most common theoretical 
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models for mapping the tip-sample capacitive gradient relies on a cone-shaped probe with other 

models using a less accurate ellipsoid or sphere.38, 39 Other models involve more in-depth 

calculations that will not be addressed here.40 The cone-tip model is used in addition to the 

equations that the capacitance is derived from. 

 

𝛥𝐶ℎ =  𝜀
𝛥𝐴

𝑑
     Eq. 3.9 

=  𝜀
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ℎ
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𝑑ℎ                       Eq. 3.10 
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ℎ

𝑧
− 𝑙𝑛

ℎ + 𝑧

𝑧
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The capacitance in this model is derived from the shape of the cone probe and is 

dependent upon the width of the probe, probe height, and tip-probe distance.41 The mode of 

capacitance detection is also integral to the resolution of the electrostatic measurement. 

Frequency modulation and amplitude modulation KPFM differ generally in one way; frequency 

modulation monitors the shift in resonant frequency of the tip caused by electrostatic forces 

whereas amplitude modulation depends on the change in tapping amplitude of the tip and is 

affected by the extra forces. The two modes of KPFM differ in how accurately the measurements 

can be used to detect the capacitance between the tip and the sample.  

Frequency modulation KPFM is measured through monitoring of the frequency shift 

caused by a buildup in electrostatic forces accumulated between the tip and sample. Nullification 
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of these forces by a backing DC bias is a nonlinear process and it has been experimentally shown 

that half the signal can arise from only 0.3% of the conical probe.42, 43  

Work function and capacitance detection through the use of amplitude modulation KPFM 

is achieved via monitoring the change in tapping amplitude of the tip at a frequency equal to the 

AC bias frequency that is applied the conical tip. In this case, an electrical AC bias is applied to 

the tip at a frequency much lower than the mechanical resonant frequency. Monitoring the 

change in the amplitude of the tip through this channel enables elucidation of qualitative 

electrostatic information about the sample. Nullification of the tapping amplitude at a specific 

frequency by using a backing DC bias quantifies the electrostatic measurements of work function 

and capacitance. 

The resonance frequency bandwidth also affects imaging resolution. The Q-factor of an 

oscillating cantilever is a unit less quantity that is defined as the ratio of the height of the 

oscillation amplitude relative to the bandwidth at full width at half max. Resonators, such as the 

cantilever used for AFM imaging with higher Q-factors tend to resonate at greater oscillation 

amplitudes but have smaller bandwidths than ones with lower Q-factors. The ratio of frequency 

to the shift in frequency at full-width-half-maximum, the Q-factor of a typical tapping-mode 

cantilever is typically between 100-1000.20, 32 Under optimal conditions of UHV and relatively low 

temperatures, the Q-factor can reach upwards of 50,000.44 The resolution limit for KPFM is 

determined using Equation 3.11. 

𝑉𝐶𝑃𝐷 =
1

𝜀0𝑉𝐴𝐶
 
𝑑

𝑅

√2𝑘𝐵𝑇𝑘𝐵

𝜋3𝑄𝑓𝑟𝑒𝑠
                                Eq. 3.11 
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The minimum sensitivity of KPFM measurements is determined by the smallest amount 

of force that can be detected in a given bandwidth which is also dependent upon the cantilever 

used for studies. Geometric and electronic factors make up the minimum detectable contact 

potential difference where VAC is the applied bias, d is the tip-sample distance, R is the radius of 

the tip, k is the stiffness constant of the cantilever, Q is the Q factor, fres is the resonance 

frequency of the cantilever, B is the bandwidth of detection, and kB is Boltzmann’s constant. Since 

operating parameters are a sizeable portion of the detection limit, maximization of the Q factor 

and minimization of the temperature are two keys to obtaining high resolution measurements. 

The Q factor can be optimized through use of a UHV system that rids the system of most 

contaminants that can dampen the amplitude or widen the bandwidth of the cantilever 

oscillation. The other variable that is based on instrument capability is the temperature as UHV 

systems also enable cryogenic temperatures to be used. Imaging under ambient conditions at a 

temperature below the freezing point of water causes the surface layer of water to freeze leading 

to damage to the probe. Imaging under UHV has been proven to increase imaging sensitivity by 

two orders of magnitude.45, 46 

3.6 Operation and performance of Kelvin Probe Force Microscopy 

 The simplest way to measure the surface potential using Kelvin Probe Force Microscopy 

is to use a highly homogenous substrate to reduce the effects of convolution. Samples with highly 

homogenous surface charge density will require operation of the AFM in the electrostatic force 

microscopy mode as a null signal that s not needed for feedback. However, this is not always 

possible as surface potential measurements of nanometer-sized dimensions will be negatively 
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affected as the system diverges from the ideal theoretical capacitor design of two ideal 

electrodes. 

 The type of probe used is essential for electrostatic force microscopy measurements 

requiring specific coatings and spring constants.47 In this dissertation, a platinum/iridium, n-

doped silicon probe was the only probe that was used to analyze samples. Mechanical resonance 

frequency of the cantilever ranged between 45-115 kHz, lower than the usual resonance 

frequency of most tapping-mode tips. A force constant of 0.5-9.5 N/m is also lower for an EFM 

tip than one commonly used for tapping-mode. The chosen parameters enable the tip to be 

operated in intermittent contact mode or tapping-mode while providing optimal imaging 

parameters. 

 The tip is raster scanned across the surface at a fixed distance of 50-100 nm above the 

surface as to only interact with the sample through electrostatic forces. A non-contact feedback 

loop is used for the topography channel whereas the second lock-in amplifier detects 

electrostatic forces.  

 The electrostatic force detected by the tip-cantilever system is measured by applying both 

a DC bias and an AC bias to the tip whereby the AC bias varies with time (Vsinωt). The mechanical 

oscillation frequency, ωmech., is chosen to be at or near the resonance frequency of the cantilever. 

Frequency of the AC bias, ωelec., is chosen to be a non-integer value of the mechanical resonance 

frequency and is generally lower in frequency. The potential difference between the tip and 

sample caused by the AC bias produces an undulating electrostatic force with a frequency 

component of ωelec.. Controlling the DC bias applied to the tip as to minimize the electrostatically 

induced oscillation amplitude at ωelec. enables surface potential mapping of the sample. Surface 
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potential measurements are performed by modifying the DC bias in incremental steps until the 

amplitude of the ωelec. component is nullified. Typical imaging parameters include ωelec. = 20 kHz, 

ωmech. = 75 kHz with V0= 8.5 V and are generally dependent upon each other. Separate 

optimization of individual components will not generate quality images; optimization of 

parameters must be done for the system as a whole. 

3.7 Conclusion 

 The electrostatic force microscope and the Kelvin probe force microscope, have been 

shown to be an integral component in surface science and scanning probe microscopies. The two 

main operating modes, AM-KPFM and FM-KPFM, differ from one another in how the surface 

potential signal is tracked and measured. The AM-KPFM mode generates an absolute value for 

the potential and the FM-KPFM mode has a potential gradient. The surface potential, capacitive 

gradient, localized charge density, and electric dipole measurements can be monitored 

depending on the output channel making the instrument an integral tool for electrostatic force 

measurements. 
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CHAPTER 4. SUBSURFACE IMAGING OF THE CORES OF POLYMER ENCAPSULATED COBALT 
NANOPARTICLES USING FORCE MODULATION MICROSCOPY 

 

Visualization of the hard and soft areas of a core-shell nanoparticle at the nanoscale has 

been achieved with the Force Modulation (FMM) mode of an Atomic Force Microscope (AFM).  

Polystyrene encapsulated cobalt nanoparticles were imaged and the differences between the 

soft outer polymer coating and the hard inner cobalt nanoparticle were resolved with high 

resolution.  Using FMM, differences in the elastic and viscoelastic properties of the nanoparticles 

are visualized with nanoscale resolution by monitoring the return amplitude and phase signals as 

the AFM tip is scanned over areas of dissimilar elastic response.  Areas of the sample with greater 

elasticity and viscoelasticity generate a weaker signal relative to harder areas because more of 

the energy associated with the cantilever oscillation is dissipated by the material. The 

nanoparticles were patterned using two-particle lithography to prevent aggregation to elucidate 

the diameters of the nanoparticles. 

4.1 Background and introduction 

The AFM is used in nanoscience to probe structures at the sub-micrometer scale with 

exquisite resolution.1  Research using the AFM enables collection of data at the nanoscale that 

can quantify surface roughness, packing density, magnetic properties, as well as local density of 

states.48-50  Quantification and characterization of ferroelectric and magnetic properties as well 

as detailing the polarizability and compressibility of nanoscopic materials has made the atomic 

force microscope a valuable tool.51-53 Scaling down from the bulk into the nanoscale reveals 

differences in the mechanical properties and overall characteristics of materials. The Young’s 

modulus, or modulus of elasticity, mathematically describes the degree to which a material can 
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be deformed elastically along a single axis. To measure the bulk modulus of a surface, 

measurements of the Young’s modulus at each discrete point of the surface must be taken to 

construct a three-dimensional representation with the highest Young’s moduli corresponding to 

the stiffest areas.54, 55 The mode of FMM coupled with mapping enables elucidation of Young’s 

modulus for nanomaterials. 

Force Modulation Microscopy (FMM) is an advanced imaging mode of AFM that is 

coupled with contact-mode and is used in probing the surface elasticity and viscoelasticity at the 

nanoscale.  Operated in contact mode, the tip is raster scanned across surface while the sample 

is concurrently modulated by a piezoelectric disk supplied with an AC current located in the 

sample stage.  The tip experiences a small vertical oscillation along the z-axis as it scans as a result 

of the modulating sample stage. Changes in surface elasticity are measured by monitoring the 

change between the driving amplitude and return signal. Softer areas dampen the oscillation 

amplitude of the cantilever by a greater degree relative to harder areas. Furthermore, the phase 

signal details the viscoelastic properties of the surface as different areas will affect the phase of 

the tip modulation differently causing a phase lag in the return signal.56 The complex changes in 

modulation amplitude, phase lag, and frequency shifts are disentangled by a computer algorithm 

enabling for nanoscale resolution of the elastic and viscoelastic surface properties.57   

Previous studies using FMM detail the elastic and viscoelastic differences between block 

co-polymers, thin films, covalently-bound organic monolayers, and single crystals.58-62  

Characterization of block co-polymers at the nanoscale, for instance, gives insight into how a bulk 

material may behave since synthetic materials have a high dependence on how they are packed 

together at the molecular level. Additionally, subsurface imaging of nanoparticles within a 
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polymer film has been previously accomplished using Triple-Frequency AFM; a variant of the 

amplitude-modulation method.63 In this study, the force modulation microscopy mode of 

scanning probe microscopy was used to characterize the variations in hard and soft regions of 

ferromagnetic polystyrene encapsulated cobalt nanoparticles.  The nanoparticles were described 

previously in work by Bull et al. and TEM micrographs detailed the affinity to aggregate into long 

chains.64 Other common nanoparticle characterization techniques like XRD, UV-Vis, XPS, and 

NMR are not able to visually and quantifiably differentiate between the different material 

domains of organic polymer encapsulated nanoparticles. Visualization of an outer polymer 

coating is only possible in TEM, under vacuum, and by staining techniques that incorporate 

metals into the polymer coating which may misrepresents the mechanical properties of the 

nanoparticles.  Force modulation microscopy enables elucidation of the thickness of the polymer 

coating as well as the inner core nanoparticle.  

Magnetic nanoparticles, particularly ones with organic or functionalized coatings, have 

been proposed as possible materials for hyperthermia treatments as well as visualization agents 

for use in MRI.65 66 The ability to control the dispersion and alignment of magnetic nanoparticles 

at a macroscale distance requires  further research, as controlling their spread in the human body 

is vital for medical treatments.  Furthermore, magnetic nanoparticles typically have finite size 

effects and surface effects that stem from the quantum confinement and the breaking of 

symmetry at the outer edge of the nanoparticle.67 Catalytically active magnetic nanoparticles can 

be easily removed from a reaction and are ideal for lowering the costs attributed to separation 

of the nanoparticles from the desired product.   
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To image the nanoparticles with FMM, a designed sample stage was constructed which 

contains a piezoactuator in the middle of the stage directly beneath the sample. For sample 

evaluation, the AFM is operated in contact mode while the cantilever is raster scanned across 

the surface. An AC current supplied to the piezoelectric actuator causes the sample to vibrate at 

a desired frequency specifically chosen by the operator so that the frequency and magnitude of 

vibration is precisely controlled by the input AC signal. Changes in amplitude and phase depend  

on the driving frequency selected. The contrast of the constructed image is ultimately dependent 

upon the differences in mechanical properties of the material. The polystyrene outer coating has 

a greater elasticity and viscoelasticity than that of the cobalt core resulting in contrast changes 

for amplitude and phase channels. Thus, for this experiment, the subsurface features of 

polystyrene encapsulated cobalt nanoparticles were revealed through the use of FMM.   

Elucidation of core-shell nanoparticles is useful for the future development of 

multicomponent nanoscale systems. Particle lithography was used to arrange and spatially 

segregate the nanoparticles along the surface to enable better evaluation of details by the AFM 

tip.68 A mesosphere mask was first deposited onto the sample and dried under ambient 

conditions.  This was followed by depositing a drop of a suspension of the nanoparticles onto the 

dried mesosphere mask.     

4.2 Experimental Approach 

The polystyrene encapsulated cobalt nanoparticles were received from Dr. Pyun’s group 

at the University of Arizona.  The nanoparticles were synthesized as previously reported.64 Silicon 

wafers doped with boron of roughly 5 x 5 mm2 dimension were obtained from Ted Pella Inc., 

Redford, California, and were used as the substrates.  Substrates were cleaned in a Piranha 
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solution containing sulfuric acid (96% EMD Chemical Inc., Gibbstown, NJ) and hydrogen peroxide 

(30%, Sigma-Aldrich) at a ratio of 3:1 (v/v).  Piranha is a strong oxidizing agent and must be 

handled with care.  After 1.5 hours submerged in the solution, substrates were rinsed with 

deionized water (Milli-Q, Millipore, Bedford, MA) and dried with argon. Monodisperse silica 

mesospheres were purchased from Thermo Fisher Scientific, Waltham, Massachusetts. The silica 

mesospheres were washed three times with deionized water via centrifugation to remove any 

surfactants or charge stabilizers. Centrifuging the suspension for 15 min at 14000 rpm produces 

a pellet which was then resuspended in deionized water.   

Particle lithography was used to prepare samples. A sample of 500 nm silica mesospheres 

was suspended in high purity deionized water. Next, 15 μL drop of the suspension was deposited 

onto the silica substrates and left to dry for 24 h under ambient conditions.  The polymer 

encapsulated cobalt nanoparticles (0.5 mg/mL) were suspended in a solution of methylene 

chloride. A drop of 20 μL was deposited onto the previously prepared substrated with a mask of 

silica spheres.  The sample was dried under ambient conditions for 24 h and then imaged with 

AFM.       

A model 5500 scanning probe microscope (Agilent Technologies, Chandler, AZ) equipped 

with PicoView v1.12 software was used for AFM characterizations. The system was operated with 

an open-loop feedback for continuous scanning in contact mode. A homebuilt sample stage 

containing a piezoceramic actuator in the center was used to modulate the sample for FMM 

experiments. Data was acquired with Picoscan v5.3.3 software and the digital images were 

processed with Gwyddion (version 2.31) open source software supported by the Czech Metrology 
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Institute. [26] A nonmagnetic silicon nitride cantilever from Bruker with a spring constant of 0.01 

N m-1 was used for tapping mode and FMM imaging (Veeco Probes, Santa Barbara, CA). 

4.3 Results and Discussion 

The polystyrene encapsulated cobalt nanoparticles were first characterized using tapping 

mode AFM. Clusters of cobalt nanoparticle deposited on a silicon substrate are shown in Figure 

4.1. The uniformity in particle size and shape is revealed with a representative topography frame 

in Figure 4.1a.  

The average size of the encapsulated cobalt nanoparticles is 25.0 nm ± 3.0 nm as acquired 

from 100 AFM height profiles. Nanoparticle sizes between 25-26 nm were most prevalent as 

revealed in Figure 4.2. Both the left and right scan of the phase images are shown due to the 

presence of a tip artifact in the left image. The clusters formed from drying deposited suspensions 

make it difficult for the AFM tip to penetrate the sample and obtain very fine sample details.  The 

aggregation of nanoparticles can give misleading nanoparticle height measurements as the tip 

may not be able to fully penetrate between areas of clusters.  

3
0
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m

1 μm

a cb

Figure 4.1 Polystyrene encapsulated cobalt nanoparticles imaged with tapping mode AFM; 
(a) topography, (b) trace phase, (c) re-trace phase. 
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Figure 4.2 Size distribution of polystyrene encapsulated cobalt nanoparticles acquired from AFM 

height profiles (n=100). 

 
To solve the problem of sample aggregation, the nanoparticles were patterned using 

particle lithography. For particle lithography, the solution of nanoparticles was added to a 

substrate with a latex mask.  The mask was prepared by depositing a drop of mesospheres on the 

substrate which was then dried under ambient conditions. The mesospheres were subsequently 

removed according to a previous method.69 The method of mesosphere removal was used to 

prevent disturbing the underlying rings of nanoparticles which can be washed away with 

solvents.   

A sample prepared with particle lithography was imaged to visualize how the 

nanoparticles pack when organized by a surface mask of latex as viewed in Figure 4.2. Previously, 

the magnetic nanoparticles were shown to aggregate into long chains when imaged with 

TEM.[17] A partial ring comprised of the nanoparticles is visible in the lower left corner of Figure 

4.2a. Although tapping mode images provide topographic details, there is no information of the 

subsurface characteristics of the encapsulated nanoparticles. 
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Nanopatterned rings of polystyrene encapsulated cobalt nanoparticles were imaged 

using FMM to visualize and map surface elasticity and subsurface structure as shown in Figure 

4.3. The periodicity of the nanorings measured 500 nm as determined by the size of the latex 

mask. The AC current that was applied to the piezoceramic in the sample stage was deactivated 

midway through imaging to evaluate the FMM set-up. For the topography frame, the size of the 

nanoparticles remain the same between the top half of the image when the sample is being 

oscillated shown in Figure 4.3a compared to the bottom half of the image when the AFM is 

operating in contact mode. Furthermore, the topograph in Figure 3a is not affected when the 

sample modulation is interrupted. The amplitude and phase images reveal clearly the changes in 

experimental parameters when the field is applied or discontinued as seen in Figures 4.3b and 

4.3c. 

 

Figure 4.3 Ring nanopatterns of polymer encapsulated cobalt nanoparticles imaged with FMM. 
(a) Topography image acquired using FMM and concurrently acquired (b) amplitude and (c) 
phase images. (d) Frequency sweep used to determine various resonance frequencies. 

 
The amplitude channel furnishes information about the elasticity of the sample as in the 

example of Figure 4.3b. Areas with lighter contrast reveal the size and shape of the cobalt core 

of the nanoparticles which is harder as compared to softer areas of the surface and outer 

polystyrene layer. When imaging in FMM, the elasticity of the sample is related to the change in 

the deflection of the cantilever as the AFM tip scans across the surface in contact with the 
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vibrating sample.  Softer areas of the sample are compressed to a greater extent and thus absorb 

more of the energy of the oscillating cantilever which dampens the amplitude signal.  

The phase shift between the driving signal and AC deflection signal is used to map the 

viscoelastic properties of the sample. The resolution and color contrast of images is determined 

by the selected feedback parameters and is based on the type of sample imaged as well as the 

resonance frequency selected for imaging. In this example, the phase channel ,Figure 4.3c, 

displays better resolved images than the amplitude frame, Figure 4.3d.  

A resonance spectrum with the drive activated was obtained with the tip in contact with 

the sample as shown in Figure 4.3d. The AC drive was set to 5% and a frequency of 205 kHz was 

chosen for imaging parameters with FMM. Other resonance peaks including the ones at 200 kHz 

and 220 kHz were evaluated and showed morphology details in the amplitude and phase images, 

however 205 kHz provided the best details and contrast and therefore was chosen as the imaging 

frequency for FMM studies. Prominent peaks were not observed at frequencies below 180 kHz 

or above 300 kHz for this example.   

The ring patterns of polymer encapsulated cobalt nanoparticles were imaged with FMM 

at a frequency of 205.7 kHz and 5% drive frequency seen in Figure 4.4. The topography images 

reveal details of the nanoparticle size, shape and arrangement as viewed in Figures 4.4a and 4.4d. 

A few individual nanoparticles are evident. The magnified view of the sample in Figure 4.4 

discloses an area where nanoparticles were randomly distributed in between the rings and 

provides exquisite details of differences in the elastic response of the domains of the sample.  
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  For FMM, the amplitude images are constructed from tip-sample interactions in which 

softer areas of the sample absorb a greater amount of kinetic energy from the oscillating tip-

sample causing the AC deflection signal to dampen with respect to the driving signal.  A response 

in amplitude is attributable to the interaction between the tip and a hard surface as caused by a 

greater deflection in the oscillation of the cantilever. The changes in amplitude are displayed as 

differences in contrast. For this example the harder areas are brighter and softer areas are darker 

as shown in Figures 4.4b and 4.4e. There is a sharp change in contrast apparent between the 

brighter nanoparticle cores and the surrounding darker areas of polymer coating presented in 

Figures 4.4b, 4.4c, 4.4e, and 4.4f.   

Figure 4.4. Metal cores of polymer encapsulated cobalt nanoparticles revealed with FMM to enable 

subsurface imaging. (a) Topography, (b) amplitude, and (c) phase images and subsequent enlarged 

views of six nanoparticles; (d) topography, (e) amplitude, and (f) phase frames. 
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Information of surface viscoelasticity is provided in the phase images in Figures 4.4c and 

4.4f. The phase shift is related to how the sample changes the resonance oscillation of the tip 

through the time it takes to reestablish its equilibrium position. For FMM experiments with 

encapsulated metal nanoparticles, not only information of surface morphology can be acquired, 

views of what is under the surface can be obtained with optimized parameters. Within the 

amplitude and phase frames, a surrounding shell of polymer provides a softer surface region that 

is mapped out surrounding the metal cores to demonstrate subsurface imaging.   

A control experiment was done to acquire FMM images of polystyrene nanoparticles that 

do not contain a metal core (Figure 4.5). The frequency that was chosen for each experiment was 

obtained by taking a resonance sweep of the tip interacting with the sample and selecting the 

most prominent peak which was at the 205 kHz peak used previously. The same AFM cantilever 

was used in each experiment to minimize the differences in experimental parameters. A 

representative image from the control experiment shows a single polystyrene nanosphere ~45 

nm in diameter within a 300 x 300 nm2 area in Figures 4.5a-4.5c. A smaller, individual polystyrene 

encapsulated cobalt nanoparticle ~30 nm in diameter is shown in Figures 4.5d-4.5f within an area 

of 200 x 200 nm2.   

The topography frames obtained with FMM provide views of the nanoparticle spherical 

shapes, size and surface morphology (Figures 4.5a and 4.5d); the images are comparable to those 

acquired with contact mode. Amplitude and phase images are shown for the isolated polystyrene 

nanoparticle in Figures 4.5b and 4.5c respectively. 
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Figure 4.5. Comparison of a polystyrene nanoparticle versus a polystyrene encapsulated cobalt 

nanoparticle. Corresponding (a) topography, (b) amplitude, and (c) phase image of polystyrene 

nanoparticle. Encapsulated cobalt nanoparticle (d) topography, (e) amplitude, and (f) phase 

frames. 

  

The frames reveal interesting details of the surface of the nanoparticle, with a circular 

region surrounding the nanoparticle. As the tip is scanned across the nanoparticle, the motion of 

the tip is influenced by the edges of the nanoparticle to respond differently. However, the bright 

region of a nanoparticle core is not evident in Figures 4.5b and 4.5c. The nanoparticle is 

comprised of a single elastic domain and has a higher elasticity and viscoelasticity than the silica 

surface. The amplitude and phase images of the polymer encapsulated cobalt nanoparticle 

(Figures 4.5e and 4.5f, respectively) reveal distinct differences in the elastic and viscoelastic 
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response of the probe to enable subsurface images of the inner cobalt core and surrounding 

polymer shell. 

Force Modulation Microscopy images may be visually misleading. Images of the 

polystyrene encapsulated cobalt nanoparticles visually indicate that the polymer coating 

comprises 20-30 % of the nanoparticle thickness. Polymer coating thickness can be adequately 

approximated by comparing the average size of the cobalt nanoparticles, as determined by 

TEM, and contrasting that data with the average size measurements performed by AFM. With 

enough useable data points, the average polymer thickness can be approximated as simply the 

difference between the two averages. In this case, Pyun et Al. determined cobalt nanoparticle 

size to be 25 ± 3.9 nm whereas tapping-mode AFM measurements, which take the polymer 

coating into account, concluded that the particle size is 25 ± 3.0 nm. This high degree of overlap 

in the calculated size distributions leads to an inconclusive result in polymer coating thickness 

determination. However, it can be approximated that the polymer coating thickness is 0.1 – 2.0 

nm as it is within the margin of error for this technique. 

4.4 Conclusions 

Force modulation microscopy was successfully used to accomplish subsurface imaging of 

polymer encapsulated cobalt nanoparticles with nanometer resolution. Although the 

nanoparticles are ferromagnetic and have a tendency to aggregate when dried on surfaces, we 

were able to apply particle lithography to control the arrangement of nanoparticles on the 

surface. A sample with a ring arrangement of nanoparticles was evaluated with FMM to reveal 

differences in elastic response for the polymer coating and inner metal core. The FMM mode of 

scanning probe microscopy has proven to be valuable in the characterization of polymers and 
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nanoparticles. In our studies, The FMM mode has enabled direct visualization between an outer 

organic layer and an inner metal core that is not possible with other characterizations. Future 

studies using FMM with nanoparticles will address analysis of the changes in thickness of polymer 

coatings as a function of reaction variables such as time, temperature, and concentration. The 

thickness of the outer organic coating of nanoparticles is important in determining the impact 

that polymers have on catalytic and other properties of encapsulated nanoparticles.   
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CHAPTER 5. CHARACTERIZATION OF DISSIMILAR NANOPARTICLES USING KELVIN PROBE 
FORCE MICROCOPY 

 

 Experiments to differentiate between different nanoparticles of similar size were 

designed using the Kelvin Probe Force Microscopy (KPFM), an advanced mode of the atomic force 

microscope (AFM).  

5.1 Background and Introduction 

High resolution imaging of the nanometer and molecular level has continually improved 

with the use of the atomic force microscope (AFM) which was originally introduced in 1986 by 

Gerd Binnig and Heinrich Rohrer.1 Three-dimensional topographic images of surfaces at the 

nanometer scale have evolved by adding measurement capabilities to the instrument making it 

possible for surface properties of magnetism,70-72 Young’s modulus,73, 74 elasticity,75, 76 force,77-79 

and electrostatic potential to be evaluated.27, 80, 81 The classical Kelvin probe technique was the 

inspiration for the successful design of the Kelvin Probe Force Microscope (KPFM) which was 

implemented to measure the work functions of materials at the nanoscale. Used in conjunction 

with noncontact- or intermittent-contact AFM, KPFM can be operated in both frequency and 

amplitude modulation mode. 

The electrostatic potential between the tip and the sample can be analyzed both 

quantitatively and qualitatively using the imaging modes of electrostatic force microscopy (EFM) 

and Kelvin probe force microscopy (KPFM). Contact potential difference (CPD) measurements 

provide insight into oxide layer formation,82, 83 adsorption layers,84, 85 nanomaterial reactivity,19 

and dopant concentration levels in semiconducting materials.86-88 There is an electrostatic 

potential, or contact potential difference, between two dissimilar metals that arises due to a 
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difference in work functions. Determination of the absolute quantity of the work function can be 

made through calibration of the probe with a material with a well-known work function. Another 

possible option is to compare different materials oriented on a surface with a well-known work 

function as is the case with highly oriented pyrolytic graphite (HOPG).  

Multiple modes of KPFM, including amplitude modulation (AM) and frequency 

modulation (FM), are commonly used to characterize the contact potential difference between 

metals and semiconductors. However, the difference between the two modes is related to the 

surface potential data that is generated. Amplitude modulation uses a backing DC potential to 

offset the oscillating electrostatic field generated by the AC bias fed between the tip and the 

sample. Minimization of the detected oscillation amplitude at the applied AC bias frequency with 

the DC bias generates an integer value for the contact potential difference. Frequency 

modulation, however, generates a surface potential image that indicates the gradient of the 

contact potential difference between the tip and the sample. Amplitude modulation was used in 

this study as imaging in frequency modulation mode requires a much higher threshold for 

eliminating noise. 

 Accurate measurements of work function are challenging to attain as there are many 

factors that can alter the measurement or lead to inaccurate data such as the effects of oxide 

layer formation, adsorbates, and humidity.89 Ideally, ultrahigh vacuum (UHV) and cryogenic 

temperatures are the optimal condition for which to operate the KPFM to lower the undesirable 

effects that naturally occur when imaging under ambient conditions.  

In the experiments described in this Chapter, when the imaging parameters under 

ambient conditions are optimized, the contact potential difference can be adequately 
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determined by coupling the placement of an AC bias between the tip and sample and 

concurrently operating the instrument in tapping-mode. The work functions of cobalt 

nanoparticles along with gold nanoparticles were determined using the intermittent contact 

mode of the AFM coupled with the amplitude modulation approach for contact potential 

difference measurements. The nanoparticles were first characterized independent and electronic 

properties were measured to elucidate the associated surface potential. Experiments were 

designed to distinguish between the cobalt and gold nanoparticles based upon the inherent 

electrostatic properties and not on the size, morphology, or other attributes.  

5.2 Materials and Methods 

 Gold nanoparticles were deposited onto an HOPG substrate and dried under reduced 

pressure at 50 C. The gold nanoparticles were first imaged with tapping-mode AFM and then with 

the KPFM servo turned on to ensure that crosstalk between the AC bias and the mechanical 

oscillation of the tip was minimized. The ferromagnetic cobalt nanoparticles that were used for 

studies were synthesized by the Pyun research group at the University of Arizona and were 

determined to have an average diameter of 24.6 ± 2.8 nm with some measured to be 40-50 nm 

in diameter. The cobalt nanoparticles were deposited onto a HOPG surface and left to dry under 

vacuum at 50 C.   

A model 5500 scanning probe microscope (Agilent Technologies, Chandler, AZ) equipped 

with PicoView v1.12 software and with electrostatic force microscopy capabilities was used for 

AFM characterizations. The system was operated with an open-loop feedback for continuous 

scanning in contact mode. Data was acquired with Picoscan v5.3.3 software and the digital 

images were processed with Gwyddion (version 2.31) open source software supported by the 
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Czech Metrology Institute. A Pt/Ir-coated probe with a force constant of 0.5-9.5 N m-1 was used 

for contact mode, EFM, and KPFM. (Nanosensors, Switzerland) 

5.3 Results and Discussion  

Four channels of measurement acquired simultaneously for a single experiment are 

shown in Figure 5.1. The images are representative of multiple scans of a sample of gold 

nanoparticles prepared on HOPG. Details of the size and shapes of the nanoparticles for a sample 

deposited onto a surface of HOPG are shown in the topography frame (5 x 5 μm2) in Figure 5.1A. 

The average diameter of the nanoparticles measured 15.1 ± 1.7 nm, derived from 100 cursor 

profiles. The simultaneously acquired images of surface potential and capacitance indicate that 

the nanoparticles are composed of a different material than the background HOPG (Figures 5.1C 

and 5.1D). 

In the setup of the instrument, the compensating DC bias is fed from the tip to the 

grounded sample. A negative contact potential difference in this case, means that the work 

function of the nanoparticles on the HOPG sample is greater than the work function of the probe. 

While not of the expected magnitude, the darker contrast of the nanoparticles relative to the 

HOPG is expected since the experimental values for the work function of bulk gold and bulk HOPG 

are 5.1 eV and 4.6 eV, respectively.36, 90 The expected value for the contact potential difference 

between the HOPG background and the gold nanoparticles is ~500 meV based upon [φAu(111),lit.-

φHOPG,lit. = ΔφAu(111)-HOPG]. The contact potential difference is directly related to the difference in 

work function between the gold nanoparticles and HOPG (ΔCPDAu-HOPG = ΔφAu-HOPG/e). The 

measured contact potential difference in the surface potential image of 6.9 ± 1.5 meV (n = 50) is 
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much lower than the expected value of 500 meV and can be likely be attributed to the imaging 

conditions under an ambient, humid environment.19 

 
 
Figure 5.1. Gold nanoparticles dispersed on a HOPG substrate imaged with AM-KPFM. (a) 
Topography and (b) phase images obtained from the first lock-in amplifier. A three-dimensional 
map of the (c) surface potential and (d) capacitance. 

 
A water layer, adsorbates, and other types of contamination may generate contact 

potential difference values that are lower than expected.  Gold nanoparticles are a poor choice 

for a work function reference. The asperity noted in the lower left corner of the images has a 

greater work function than HOPG as evident from the darker contrast of the object relative to 

the HOPG background.  
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Gold nanoparticles with an average size of 15 nm were specifically chosen for studies 

because they were fairly close in size relative to the cobalt nanoparticles that were synthesized. 

Additionally, nanoparticles with a diameter of less than 20 nm can show effects of tip convolution 

where the tip will not fully resolve the size and morphology of the nanoparticles.  

There is a noticeable amount of aggregation of the nanoparticles in some areas of the 

images as the cobalt nanoparticles can be difficult to isolate, as visualized in Figure 5.2a. There 

are four nanoparticles in the topography image that are prominent and of the size range 35-50 

nm. The contact potential difference between the cobalt nanoparticles and the HOPG substrate 

measured 28.6 ± 6.0  meV as determined for the surface potential image.  

 

Figure 5.2. Sample of cobalt nanoparticles prepared on HOPG.(a) Topography frame viewed for 
an AM-KPFM image (5 x 5 μm2); (b) phase and (c) simultaneously acquired contact potential 
difference and (d) surface capacitance images disclose the electrostatic properties of the sample.  
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As was the case with the gold nanoparticles, the cobalt nanoparticles were determined 

to have a higher work function than the HOPG, as would be expected. However, the magnitude 

of the experimental contact potential difference between the cobalt nanoparticles and HOPG 

was shown to be greater than the experimentally derived contact potential difference between 

the gold nanoparticles and the HOPG substrate. Based upon the theoretical assumption, the 

difference in work function between bulk cobalt and HOPG is ~400 meV [φCo lit.-φHOPG,lit. = ΔφCo-

HOPG]. The fact that the experimentally derived magnitude of the contact potential difference 

between cobalt nanoparticles and HOPG is greater than the contact potential difference between 

the gold nanoparticles and HOPG shows the shortcomings of Kelvin probe imaging in ambient 

conditions.  

 Surface potential measurements of both cobalt nanoparticle and gold nanoparticles on 

HOPG were compared side-by-side in Figure 5.3. The top panel presents the topography and 

surface potential images of the gold nanoparticles on HOPG. Four gold nanoparticles with 

diameters near 15 nm are clearly visible in the image along with smaller gold nanoparticles 

scattered in the background. The accompanying surface potential image shows less contrast 

between structures in the image, however, a band of high contrast is evident. The contact 

potential difference between the gold nanoparticle and the HOPG is roughly 10 meV.  

Two of the larger cobalt nanoparticles that were present in the sample were isolated and 

analyzed using the amplitude modulation mode of the Kelvin probe force microscope. 
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Figure 5.3. Comparison of the experimentally measured contact potential difference between 
gold and cobalt nanoparticles prepared on HOPG. (a) Topography and (b) simultaneously 
acquired surface potential images of gold nanoparticles. (c) Cursor profile detailing surface 
potential variance between gold and HOPG. (d) Topography and (e) surface potential images of 
cobalt nanoparticles. (f) Surface potential variance between gold and HOPG determined with a 
cursor profile. 

 
The experimental contact potential difference between the cobalt nanoparticles and the 

HOPG, as measured with the cursor profile, is ~40 meV. Though smaller in size when viewed in 

the topography image, other cobalt nanoparticles produced similar measured potentials.  

Juxtaposition of the measured contact potential differences of gold nanoparticles on 

HOPG and cobalt nanoparticles on HOPG reveals that the cobalt nanoparticles display a higher 

contact potential difference. This is contrary to the expectation based on theory that, based upon 

a greater difference in work function, the potential between gold nanoparticles and the HOPG 

substrate should be greater than the potential between cobalt nanoparticles and HOPG 

substrate. 
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The conflict between the theoretical and experimental value obtained for the contact 

potential difference can possibly be explained by numerous potential sources of error. Temporal 

variances in work function measurements have shown that the time between sample 

preparation and imaging is crucial in producing the sharpest contrast possible as adsorbates and 

humidity greatly impact the experimental values.19 The samples used in this experiment were 

prepared and then subsequently placed in a vacuum oven at reduced pressure and 50 C. Samples 

were immediately imaged after removal from the drying oven as to minimize the adsorbate build 

up on the surface.  

The data resulting from a side-by-side comparison of the contact potential difference of 

the two samples of nanoparticles was inconclusive based upon differences in theoretical and 

experimental values. However, further elucidation into determining how the contact potential 

difference varies between the gold nanoparticle-HOPG sample and cobalt nanoparticle-HOPG 

sample is needed to minimize sample contamination between imaging of the samples. Cobalt 

nanoparticles and gold nanoparticles were deposited onto a common HOPG substrate and 

imaged with AM-KPFM as displayed in Figure 5.4. The image is representative of the numerous 

other areas of the sample that were imaged and shows a relatively disperse sample of 

nanoparticles on HOPG.  

Nanoparticles varying in size between a few nanometers in diameter up to 40 nm in 

diameter are present as viewed in the topography image of Figure 5.4a. Along with the phase 

image, the surface potential and capacitance seen in Figure 5.4c and 5.4d, respectively, exhibit 

streaking that is only present in the bottom half of the image which can be attributed to non-

optimized imaging parameters. 
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Figure 5.4. Co-deposited sample of cobalt nanoparticles and gold nanoparticles on HOPG. (a) 
Topography and (b) simultaneously acquired phase image acquired while imaging with AM-
KPFM. (c) Contact potential difference and (d) capacitance frames furnish details of the 
electrostatic differences in the composition of the sample. 
 
 Surface potential and capacitance values seem unaffected by the streaking as contrast in 

the top of each of the images is similar to the area where streaking is observed. When comparing 

nanoparticles of similar sizes, there is seems to be no variance in surface potential or capacitance 

between the different materials. As this is also prevalent in similar images taken of the same 

sample, it is concluded that there is not a great enough difference in the work function of the 

two metals to be resolved using the current Kelvin Probe Force Microscope set-up in ambient 

conditions. Results that display a homogeneity in particle size and morphology but have varying 

contact potential differences were not observed.  
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5.4 Conclusions 

Differentiating between dissimilar nanoparticles based solely upon the inherent 

differences in their work functions using KPFM was the goal of this project. There was a difference 

between the experimental and theoretical measurements for the contact potential difference 

between gold and the platinum coated AFM probe that can likely be attributed to imaging under 

ambient conditions. Similarly, cobalt nanoparticles of similar size also displayed a relatively large 

difference between the measured and theoretical contact potential difference. There was a 

negligible difference in contrast between the gold and cobalt nanoparticles when they were 

imaged together on the same sample. With dissimilar theoretical contact potential differences, 

differentiating between the gold and cobalt nanoparticles should be attainable with this imaging 

technique. As such, under ambient conditions, the limit of resolution for the instrument is likely 

not low enough to discriminate between the dissimilar nanoparticles. Future work dealing with 

nanoparticles displaying a greater difference in contact potential difference will be attempted.  
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Conclusions  

Nanoparticles have become important for the development of technology because the 

inherent physical and chemical properties can be tailored to specific applications. In this 

dissertation experiments were designed and conducted to detect, elucidate, and further 

understand the properties of nanoparticles using advanced measurement modes of scanning 

probe microscopy (SPM).  

Since the invention of the atomic force microscope (AFM) nearly 30 years ago, nanoscale 

properties have been known to be rather troublesome to accurately and precisely measure. The 

three methods described in this dissertation, Force Modulation Microscopy (FMM), Electrostatic 

Force Microscopy (EFM), and Kelvin Probe Force Microscopy (KPFM), were applied for 

experiments to produce high resolution images of nanoparticles. In addition to constructing 3-D 

surface profiles, images detailing nanoscopic elasticity, viscoelasticity, surface potential, and 

work function measurements were simultaneously acquired.  

6.2 Subsurface imaging of encapsulated cobalt nanoparticles with FMM 

Force modulation microscopy, an advanced mode of AFM, has previously been used to 

elucidate elastic and viscoelastic variances between co-polymer systems that cannot be 

distinguished using other modes of AFM. Polymer domains were intricately mapped based upon 

the response to an undulating force caused by the harmonic oscillation of the sample stage and 

tip. The study of polystyrene encapsulated cobalt nanoparticles in Chapter 4 of this dissertation 

used the force modulation technique to distinguish the relatively hard nanoparticle core from 

the softer polystyrene shell.  
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 A home-built sample stage for use with force modulation microscopy enabled further 

study of the nanoparticles. Ferromagnetic cobalt nanoparticles were initially imaged with 

tapping-mode AFM to determine the size of the nanoparticles. The average particle diameter was 

found to be 26 ± 2 nm. Initial imaging of the particles using FMM provided corroboration that the 

measured particle size with FMM was consistent with tapping-mode data. When the stage was 

turned off half way through acquisition of an image there was no contrast in the amplitude and 

phase channels. However, with no change in the topography channel was detected.  

 Single nanoparticle resolution, along with resolution of subsurface features, was obtained 

with optimized parameters. Based upon the working theory of FMM, the amplitude signal 

increases as the tip is scanned across more rigid areas of the sample while there is a larger 

attenuation of signal in areas of the sample with greater deformation. The cobalt core of the 

nanoparticles exhibited greater signal in the amplitude channel because it is more rigid than the 

surrounding shell of the polystyrene coating. 

 A comparative study between a polystyrene encapsulated cobalt nanoparticle and a 

similarly sized polystyrene nanoparticle was done. A high resolution image of the polymer coated 

nanoparticle was compared with a similarly high resolution image of a single polystyrene 

nanoparticle. While exhibiting similar topographical similarities between the two nanoparticles, 

the differences in the amplitude and phase channels were sufficient to conclude that the cobalt 

cores of the polystyrene encapsulated cobalt nanoparticles were, indeed, resolved to accomplish 

subsurface imaging using FMM.  
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 This study contributes to the overall goal of this dissertation by providing a slightly new 

way to use force modulation microscopy; as an additional new tool for disambiguating 

nanoscopic materials based on criteria not related to their size.  

6.3 Designed experiments for characterizing nanoparticles with the Kelvin Probe Force 
Microscope 

 

An in-depth fundamental research question is posed: can nanoparticles with dissimilar 

work functions be recognized and sorted based only on the differences in the measured surface 

potential of a sample? This question was investigated using the Kelvin Probe Force Microscope 

to analyze a sample of gold nanoparticles that were co-deposited onto HOPG with similarly sized 

cobalt nanoparticles.  

Cobalt nanoparticles and gold nanoparticle were analyzed separately to obtain baseline 

readings of how the individual surface potentials measured relative to the HOPG samples surface. 

With a compensating DC bias being applied from the tip to the sample, the expected contact 

potential difference was much lower, with values of 500 meV theoretical vs. 22 meV 

experimental, than what was expected. While there was a dissimilarity in the size of 

nanoparticles, much of the measurement error can be ascribed to non-optimum imaging 

conditions. Studies in UHV and cryogenic experimental conditions would likely lead to more 

accurate results.  

The experimentally derived contact potential difference between the tip and gold 

nanoparticles revealed similar results. The measured contact potential difference was different 

by nearly two orders of magnitude. However, as expected based upon theoretical predictions, 
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the gold nanoparticles displayed a greater work function value than the background measured 

for HOPG.  

Based upon theoretical predictions, the contact potential difference between gold 

nanoparticles and HOPG should be greater in magnitude than the contact potential difference 

between cobalt nanoparticles and HOPG. However, experimental results differ from the 

theoretical assumption and leads to possibly erroneous results. Gold and cobalt nanoparticles 

were co-deposited onto the HOPG substrate and imaged simultaneously to ensure identical 

imaging conditions. While not using optimum imaging conditions, the inherent difference in 

surface potential between the nanoparticles should be revealed when imaged together.  

Multiple area of the sample surface were investigated with little variance between the 

data collected. This leads to the assumption that there is not enough difference in measured 

surface potential between the two different types of nanoparticles to register a great enough 

difference in contrast. Greater homogeneity in particle size of each material may lower the error 

associated with the measurements but would not likely lead to the ability to resolve the 

dissimilarities between the nanoparticles under the specific parameters and conditions used for 

KPFM studies.  

6.4 Considerations for future research experiments 

Much of the research into nanomaterials relies heavily upon experimental methods that 

analyze the sample as a whole i.e. X-ray diffraction analysis of nanoparticles only provides an 

average size and not individual nanoparticles. Force modulation microscopy and Kelvin Probe 

Force Microscopy with individual nanoparticles reveals subtle details, and even slight 

incongruities, found in their inherent physical and chemical properties.  
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In Chapter 3 the physical properties of core-shell nanoparticles were selected to reveal 

differences in elastic and viscoelastic properties between a softer polystyrene shell and a harder 

cobalt nanoparticle core. Subsurface imaging of the metal cores of encapsulated nanoparticles 

was accomplished with optimized conditions. Further progress in the use of FMM on 

nanomaterials may lead to studies that can quantitatively compare the Young’s modulus of 

similar core-shell nanoparticle systems. 

Further investigations into the use of Kelvin Probe Force Microscopy for nanomaterials 

research offer exciting insight into the properties of nanoparticles that are generally only 

understood based on theoretical models. More specifically, another attempt at distinguishing 

between electronically dissimilar nanoparticles can be made with designed experiments. 

Nanoparticles will be specifically chosen based on how different the individual work functions 

are from each other. A greater difference in the work function between dissimilar nanoparticles 

will ideally draw greater gradients in contrast than what was experimentally revealed with the 

cobalt nanoparticle co-deposited with gold nanoparticles. For instance, I suggest the use of non-

metallic nanoparticles to compare in a side-by-side fashion with non-metallic nanoparticles. 

Polymer or silica based nanoparticles may provide the similarity in particle size while also 

delivering a much greater change in contact potential difference than detected for two metal 

nanoparticles. If improved imaging conditions are attainable, I suggest replicating the experiment 

to investigate if dissimilar metals can be identified based solely on the inherent work functions. 
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APPENDIX A: INSTRUMENT OPERATION PARAMETERS FOR ELECTROSTATIC FORCE 
MICROSCOPY 

 

The electrostatic force microscope is used to qualitatively examine changes in the 

electrostatic field of samples. Differences in electrostatic fields of local domains are measured 

and analyzed by applying a bias voltage to the sample.  

An Agilent MACIII controller is required in EFM Mode to provide the drive signals. Lock-in 

1 is used to mechanically drive the cantilever. The amplitude of the cantilever deflection is the 

input for Lock-in 1 for topographic profiles of the sample. The desired imaging frequency is 

dependent upon the mechanical resonance frequency of the cantilever, and values were typically 

around 75 kHz. Lock-in 2 was used to provide an AC bias and operated at a different frequency, 

ωAC, with the deflection channel as the input. 

The initial setup for EFM operation requires an AC nose cone assembly such as the one 

used in tapping-mode AFM. Conductive tips with a resonance frequency typically between 50-

100 kHz were used for EFM. Silicon probes with a Pt/Ir coating provided optimal operation of 

EFM mode, however, other types of conductive probes may be substituted. 

1. For initial setup of the instrument: 

 a) Insert the AC nose assembly into the scanner. 

 b) Insert an EFM compatible probe into the nose cone assembly. 

 c) Place the scanner into the microscope base and secure. 

 d) Align the laser on the cantilever. 

 e) Insert and align the photodetector. 
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2. Prepare the sample and place it on the sample plate. To ensure accurate data, the sample must 

be electrically isolated from the sample plate, otherwise the circuit will be shorted. 

3. Attach a conductor from the working electrode to the sample. Ensure a good connection is 

made between the electrode contact and the sample. 

4. Plug the 3-pin EC connector of the EC/MAC cable into the 3-pin receptor located on the sample 

plate. Plug the other end of the cable into the EC/MAC receptor on the microscope.  

5. Close the isolation chamber containing the AFM scanner and open the Agilent 5500 imaging 

software. 

6. In the menu option, choose Mode > EFM or KPFM as shown in Figure A1. 

 

 

Figure A1. Software set-up for EFM mode. 

 

7. Next, select Controls > Advanced > AC Mode. The EFM controls window will open.  
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8. The AC signal driving the mechanical cantilever oscillation is to be set up in Lock-in 1 as found 

in the Main tab (Figure A2).  

 

a) In this window, set the Drive % to 10 % 

b) Set the Gain to x1 

Figure A2. Software settings for driving cantilever oscillation. 

 

9. Open the AC Mode Tune window. Controls > AC Mode Tune. 

10. For an optimal topography channel, set the drive signal to roughly 85% of the resonance 

frequency of the cantilever on the lower frequency side of the peak. 
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a) The AC Mode Tune window will enable the user to enter Start and End values for the 

width of frequencies that are to be scanned. Choose between ~20-120 kHz. 

b) Set the Peak Amplitude to 2.5 volts. Note that this is a lower peak amplitude than one 

that is typically used for tapping-mode (~10 volts) 

c) The frequency sweep can be done using either the Auto Tune of Manual Tune option. 

Auto Tune will determine and isolate the desired resonance frequency to be used 

whereas manual tune gives the user a control over the exact imaging frequency to use. 

Generally the user will want to choose an offset of the peak amplitude by about -0.100 

kHz. 

11.  Manually bring the tip close to the sample: 

 a) Bring the cantilever into focus in the video window. 

b) Manually approach the tip to the sample by pressing the Close switch on the HEB. 

12. Initiate approach with the software: 

 a) Locate the Scan and Motor window and click the Motor tab. 

b) Set the Stop at (%) to 90-95%. This specifies the percentage of total oscillation the will 

be attenuated upon “contact” with the sample. 

c) Click the Approach button in the PicoView toolbar. The tip and sample will converge 

until the tapping amplitude is dampened to the Stop at percentage. 

13. Operation of tapping-mode AFM is now set up. Application of the AC bias is the next step. 

14. The EFM tab is used to adjust and optimize the AC bias applied to the sample. Lock-in 2 is set 

up using the MAC III controller which applies the AC bias. Once activated, use the AC Tune 
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window to verify that the ωAC signal is at a frequency that does increase unwanted tip 

response. 

a) The Servo window displays the setpoint value. Adjust the Setpoint to 10 V as this will 

increase the tip-sample distance. 

b) In the EFM tab, adjust the Drive % to 10 %. This is an important parameter as a higher 

value will improve contrast in the images, however, if adjusted too high, will add 

unwanted noise. 

c) Another important parameter of note is the AC bias frequency. Set this to a frequency 

that is smaller than, and not an even factor of, the Lock-in 1 signal. This will cause crosstalk 

between the topography and electrostatic imaging modes. 

d) Next, adjust the Gain to improve signal-to-noise ratio. Again, there is an upper bound 

of what the Gain can be adjusted to. 

e) The EFM Tune check box can now be selected. 

f) Perform a frequency sweep in the AC mode tune window, similar to the tuning of the 

Lock-in 1. Set Start and End frequencies around the set AC bias frequency and perform 

a frequency sweep. 

g) Select the Manual Tune button. Adjust frequency in the EFM tab to one of the peak 

frequencies.  

i) Return the Setpoint to its original value in the Servo window. 

15. Select the EFM Tune box in the EFM tab. 
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16. Zeroing of the phase at the current frequency will make interpretation of the phase change 

easier. Click the Zero Phase button then select Optimize Phase in the EFM tab. Optimize 

Phase will maximize the X-component of the phase signal. 

17. Set the initial I Gain and P Gain to 5% each as found in the Servo window. EFM Mode set up 

is now complete and imaging can be started. A scan speed around 1 ln/s at a resolution of 

either 256 or 512 is optimal.  

18. Monitor and adjust the Gain, Resolution, and Scan Speed to optimize the imaging parameters 

until all frames are clearly resolved. 

19. If all image panels fail to resolve, retract the tip from the surface and re-engage. The phase 

will need to be optimized again as will the Scan Speed, Gain, and Resolution. 
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APPENDIX B. SET-UP FOR KELVIN PROBE FORCE MICROSCOPY 

The Kelvin Force Probe Microscopy mode of AFM is designed for quantitative electrostatic 

mapping of the surface potential. Sample preparation needs to be carefully performed as surface 

impurities will greatly affect the contrast and measured surface potential. Kelvin Probe Force 

Microscopy can be broken down into two constituent modes; Amplitude Modulation (AM-KPFM) 

and Frequency Modulation (FM-KPFM). Generally, AM-KPFM is regarded as the easier mode to 

operate for mapping  the absolute potential difference, whereas, FM-KPFM is used to register 

the potential gradient as a function of distance. Similar to EFM, KPFM requires the use of a 

conductive probe, the AC nose cone assembly generally used for tapping-mode, a sample plate 

with electrode connection, and a MACIII controller which provides the DC bias. Since the only 

difference between KPFM and EFM is whether a backing potential is applied to the sample, the 

instrumentation set-up is similar. An additional step of setting up the DC bias is required for FM-

KPFM. 

To operate the Amplitude Modulation mode of KPFM, set-up up the instrument according 

following the instructions for EFM mode as follows. 

1.   Begin with the probe already approached and in contact with the sample. A backing potential 

needs to be applied. 

2 .  Select Controls > Advanced > AC Mode and select the Other tab as shown in Figure B1.  
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Figure B1. Software settings for KPFM. 

 

3.   Set the I and P gains initially to 1%. 

4.   Select the imaging channels. In the Realtime images window, choose Topography, Phase, SP 

and any other channel that should be monitored. 

5.   Open the spectroscopy window with Controls > Spectroscopy as shown in Figure B2. 
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Figure B2. Spectroscopy settings for KPFM.        

 

6.   Select Amplitude vs. Distance. 

7.   Ensure that the From Servo box is not checked on the Lock-in 2 tab. 

8.   Enter a slightly more positive value for the End parameter to prevent damage to the tip. 

Retracting the tip from the surface will lessen the likelihood of causing damage to the tip by 

the motion of the piezoceramic. 

9.  Perform a sweep detailing the SP response by clicking the blue triangle. This will begin the 

piezo movement. 

10. The SP setpoint now needs to be optimized. Open Advanced AC Mode Controls and increase 

the Setpoint value in very small increments (0.001), as shown in Figure B3. Optimize the SP 

vs Distance trace by making the plot as horizontal as possible.  Values of less than 0.05 are 

typical. End the spectroscopy step once trace and retrace are roughly horizontal. 
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Figure B3. Controller settings for Z positioning. 

 

11. Select the From Servo check box located on the Lock-in 2 tab. 

12. Begin imaging. Monitor and adjust I and P gains, Scan Speed, Resolution, Offset, and AC Bias 

frequency. 
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APPENDIX C. ADDITIONAL EXAMPLE IMAGES ACQUIRED WITH FORCE MODULATION 
MICROSCOPY 

 
Additional subsurface images of polystyrene encapsulated cobalt nanoparticles were 

obtained with the Force Modulation mode of AFM. Two-particle lithography was used to arrange 

the nanoparticles into ring-shaped nanopatterns with a surface mask of a larger silica 

mesospheres. Removal of the silica mesospheres revealed a nanopatterned surface with 

relatively few defects. The nanopatterns of nanorings are evident across the entire sample. 

Nanopatterned cobalt nanoparticles were imaged using Force Modulation Microscopy, 

revealed in the 3 μm x 3 μm topography image (Figure C1). 

 

 

Figure C1.  Polystyrene encapsulated cobalt nanoparticles formed into a high-throughput pattern 
of nanorings as evidenced in topography (a), amplitude (b), and phase (c) channels.  

 

Variances in contrast evident in the amplitude frame can likely be attributed to 

differences in the elastic domains along with tip-sample convolution. Similar results are viewed 

in the phase image to clearly resolve the shapes, locations and elastic domains of the nanoring 

patterns. 
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Individual nanoparticles comprising a nanoring are resolved in the 1.5 μm x 1.5 μm images 

in Figure C2. 

 

Figure C2. Individual nanoparticles comprising the shapes of the nanoring patterns. Particle sizes 
are evident in topography (a) whereas differences in elasticity and viscoelasticity are mapped in 
the amplitude (b) and phase (c) channels, respectively.  
 
 

Overall, there are ~ 9 ring nanopatterns formed in a hexagonal arrangement. A full ring 

of nanoparticles likely consists of around 20 nanoparticles as a half-ring is formed from ten 

individual nanoparticles. Local elastic and viscoelastic variances between the nanoparticles and 

the substrate are resolved at this magnification. However, stark changes in contrast are noted in 

the phase image and are attributable to edge effects. Edge effects are typically caused by an 

abrupt change in surface topography that can alter amplitude and phase signals. 

Subsurface features are apparent in the 400 nm x 400 nm2 images viewed in Figure C3. A 

single nanoparticle next to a nanoring consisting of cobalt nanoparticles is evident in these 

images. Nanoparticles of small sizes are viewed in the topography image. The lone polystyrene 

encapsulated cobalt nanoparticle near the top of the image exhibits two distinct elastic and 

viscoelastic domains. The amplitude channel depicts a harder cobalt nanoparticle core as 

portrayed by the much brighter contrast at the center of the nanoparticle. The surrounding 
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polystyrene coating is softer and dampens the oscillation amplitude of the cantilever to a greater 

extent. Similarly, contrast in the phase image indicated the differences in viscoelasticity 

associated with the two domains of the encapsulated nanoparticles.  

 

 

Figure C3. Subsurface imaging achieved in exquisite detail. Individual nanoparticles visualized in 
the topography image (a) while high quality images of variances in elasticity and viscoelasticity 
are detailed in (b) and (c), respectively. 
 
 

Using TEM, Pyun et Al. reported the average size of the polymer encapsulated cobalt 

nanoparticles to be 25 ± 3.9 nm. Using tapping-mode AFM, the average particle size was 

determined to be 25 ± 3.0 nm corroborating the previous findings. Fifty individual cursor profile 

measurements were collected and average particle size diameter as well as the standard 

deviation was calculated for the sample. Determination of the thickness of the polymer coating 

would likely be possible with a greater amount of data. In this case, the nanoparticle diameter, 

as determined with TEM, has too broad of a standard deviation to calculate the thickness of the 

polymer. Polymer thickness can be estimated to be on the order of 0.1 – 2.0 nm. The relatively 

narrow range of particle sizes facilitates good packing of the nanoparticles at the base of the 
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mesospheres that were used as the mask for preparing samples with two-particle lithography 

(Figure C4). 

 

 

Figure C4.  Size distribution of the polystyrene encapsulated cobalt nanoparticles. The average 
particle size was determined to be 25 ± 3.0 nm (n = 50). 
 
 

Additional data relating to the subsurface imaging of polystyrene encapsulated cobalt 

nanoparticles reveal the capabilities of the FMM technique for mapping and distinguishing 

differences in elastic and viscoelastic domains of samples.  
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