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ABSTRACT OF THE DISSERTATION 

 

Computational Methods as a Supplement to Atomic Force Microscopy 

 

By 

 

Robert Noboru Sanderson 

 

Master of Physics and Astronomy 

 

University of California, Irvine, 2016 

 

Professor Regina Ragan, Chair 

 

  The atomic force microscope (AFM) is a widespread tool for the study of surfaces, as it 

allows for the unobtrusive measurement of nanoscale topography. AFM is also versatile, 

with variants that allow for the measurement of other quantities such as the local surface 

potential and Young’s modulus. A hurdle to the use of AFM systems is that interpretation of 

force probe data is nontrivial due to non-idealities of experimental systems including noise 

and artifacts. This thesis covers two computational techniques to overcome the limitations 

of AFM systems. First, finite element method simulations are used in conjunction with 

KPFM studies of vapor-liquid-solid grown silicon nanowires. The nanowires are studied 

with a variable electric bias applied across them, analogous to a field-effect transistor in 

operation. Then, batch analysis is applied to extract mechanical information from large 

amounts of AFM force spectroscopy data from tethered lipid bilayer membrane systems, 

which are important model systems for studying the mechanics of cell membranes.  
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CHAPTER 1: INTRODUCTION 

The work presented in this thesis uses computational methods to clarify experimental 

data obtained in two variants of atomic force microscopy (AFM). AFM has become a ubiquitous 

experimental technique in surface science due to its capability to produce high resolution 

topographical maps of nanoscale surfaces while causing little surface damage1. AFM systems are 

also versatile, and can be adapted to perform a variety of specialized experiments, including 

Kelvin probe force microscopy and AFM force spectroscopy. AFM techniques such as these 

have been used to characterize the surfaces of many systems including cells2–6, lipid 

membranes7,8, heterogeneous catalysts9–11, nanoelectronics12,13, and nanoscale systems14–17. 

The Kelvin probe force microscope allows for the measurement of local variations in 

work function. The non-contact nature of AFM makes this method uniquely suited to measuring 

work function without damage or significant interaction between probe and sample. These 

advantages have drawn strong interest in Kelvin probe force microscopy applied to 

insulators18,19, photovoltaics20,21, organic molecules22,23, and devices24–26. 

AFM force spectroscopy allows a user to gain information on the local mechanical 

properties of surfaces, such as their elastic modulus27,28. AFM force spectroscopy uses extremely 

sharp probe tips which allow for very localized probing of a sample. Force spectroscopy is used 

in a wide array of fields, including polymer chemistry29, nanomedical devices30, 

electrochemistry31, and cell membrane mechanics7,32. 

Both of these techniques have experimental limitations that hinder full understanding of 

experimental data. Interpretation of Kelvin probe data is made difficult because of background 
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non-local signals, a phenomenon known as the averaging effect33,34 as well as capacitive 

contributions from the cantilever and tip cone35. These probe-based contributions to the 

measured work function are difficult to distinguish from real variations in the local surface 

potential. In FS, error is introduced by instrument limitations, vibrational noise, shortcomings of 

theoretical models, as well as local variations of a sample36,37. Computational studies performed 

in conjunction with these experiments reduce experimental uncertainty by quantifying known 

experimental aberrations and extracting meaningful physical information from experimental 

data34,38,39. The goal of this thesis is to present two applications of computational methods to 

improve the quantitative understanding of force microscopy data. Kelvin probe measurements 

are supplemented with finite element method simulations to identify the origin of detected local 

potential features and force spectroscopy results are analyzed using batch analysis and compared 

to theoretical models to obtain stiffness measurements. 

In Chapter 2, this thesis will give a theoretical background to the AFM methods used in 

the presented work. The operating principles of AFM and Kelvin probe force microscopy are 

overviewed, and then the principles of AFM force spectroscopy are presented. 

In Chapter 3, a Kelvin probe experiment is interpreted with the aid of computational 

methods. Finite element method simulations are utilized to interpret measurements of the local 

electronic potential of nanowire systems. Nanowires are an important topic in device research, 

with applications in piezoelectronics40, lasers41,42, supercapacitors43, catalysis44,45, and 

nanoelectronics46–48. In this chapter, n-doped Si nanowires are studied using Kelvin probe force 

microscopy, and the surface potential is measured for each of several applied bias voltages 

across the nanowires. The results of finite element method modeling of the nanowire/probe 

system are then used to clarify the contributions to the measured surface potential. 
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In Chapter 4, tethered lipid bilayer membrane systems are studied using force 

spectroscopy, and batch analysis is used to interpret the measured spectra. The mechanical 

behavior of lipid membranes is an important topic in cell morphology49, neurodegenerative 

disorders50, viruses51, and medicine30,52,53. Solid-supported lipid bilayer membranes are popular 

model systems for biological applications, as their two dimensional structure facilitates 

manipulation and measurement54–57. The bilayer membranes are synthesized with varying 

concentrations of attached functional groups modifying the membranes. These functional groups 

are large structures chemically bonded to the LBMs, so are expected to change the mechanical 

stability of the membranes as their concentration changes. In this work, the concentration of 

functional groups is varied, and the mechanical stiffness of the LBMs is investigated using FS. 

Batch analysis is used to filter and analyze large sets of FS data to obtain measurements of the 

Young’s modulus of the LBM systems. 

The thesis then concludes with a discussion of the techniques presented here and their 

merits as supplementary tools for the AFM experimentalist.  
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CHAPTER 2: FORCE PROBE METHODS 

2.1: Atomic Force Microscopy and Kelvin Probe Force Microscopy 

In non-contact AFM, a sharp probe tip is raster scanned across the surface of a sample. 

The tip is attached to a vibrating cantilever beam with a known resonance frequency 𝑓0. 

Interaction forces act between the probe and sample when they are very near each other, and a 

force gradient acting on the tip due to tip-sample interactions will cause a change in the probe 

cantilever’s resonance frequency approximated by58: 

∆𝑓0 = −
𝑓0

2𝑘

𝜕𝐹𝑡𝑠

𝜕𝑧
.  Equation 1 

In this expression, z is the tip position normal to the sample’s surface, and the cantilever/tip 

system is considered a harmonic oscillator with spring constant k. It is seen that a force gradient 

translates to a change in the resonant frequency of the cantilever. Figure 1 shows the standard 

simplified model of the tip-sample interaction potential; the Lennard Jones interaction potential, 

given by  

𝑈𝐿𝐽 𝛼 (
𝜎0

𝑟
)12 − (

𝜎0

𝑟
)6. Equation 2

If one chooses a tip-sample separation corresponding to the highlighted region in the figure, it is 

found that the vibrational frequency of the cantilever/tip system increases as the tip-sample 

separation increases and vice versa. Two modes of operation are frequently used which take 

advantage of this behavior: Amplitude modulation mode (AM-AFM) and frequency modulation 

mode (FM-AFM) of which only AM-AFM is considered in this thesis.  
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In AM-AFM, the cantilever is excited near resonance with constant drive amplitude. As 

the tip is scanned across a sample, changes in tip-sample separation cause changes in the force 

gradient, which causes a change in resonant frequency. This change in cantilever resonance is 

detected as a decrease in cantilever oscillation amplitude. A feedback loop is used to adjust the 

tip’s z-position to bring the oscillation amplitude back to its target value, thereby measuring the 

local topography change. Recording the changes in the tip-sample separation yields a 

topographical map of the sample.  

 

Figure 1 — Lennard-Jones Potential: The Lennard-Jones interaction potential provides a 

qualitative description of the tip-sample interaction in AFM. Highlighted in red is the region of 

interest during non-contact AFM experiments. 𝝈𝟎 is a characteristic length, and the potential ULJ 

is in arbitrary units. 

 

KPFM is performed using the same basic apparatus as an AFM, except since this 

technique is sensitive to electrostatic interactions rather than the Lennard Jones interaction of 

Equation 2, a conductive probe tip must be used to control the electrostatic potential of the 

probe.. In two-pass KPFM, AFM first determines the surface topography of a scan line, and then 

a second pass with a new feedback loop to minimize the electrostatic force by varying the tip-
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sample bias determines the local contact potential difference (CPD) between the probe and the 

sample. This allows for a detailed map of the CPD, which is essentially the local work function 

superposed with any other electronic potential variations. 

Although KPFM is useful in mapping electronic structure, it is prone to experimental 

artifacts22,27,28. The electrostatic forces to which KPFM is sensitive are longer range than the Van 

der Waals interactions which dominate AFM studies, decaying as 𝑅−2 rather than 𝑅−7. This long 

range behavior convolutes KPFM maps, making observed features a weighted average of surface 

potential features. This phenomenon makes careful interpretation of CPD measurements in 

KPFM essential in extracting useful information from the data. To accomplish this, 

computational work work as a supplement to atomic force studies has been demonstrated. 

Analytic computations from first-principles of simplified surface/probe systems have been used 

to understand the fundamental behavior of KPFM work33,60. Numerical simulations have also 

been used to approximate the probe/sample systems34,38,61,62. The inhomogeneous systems that 

are of interest to researchers studying devices are too complex to model analytically38,62–64, so 

numerical approximations are more appropriate. 

Finite element method (FEM) simulations are well suited to model complex geometries. . 

In FEM simulations, system geometries are divided into a finite number of elements, and 

continuous variables are discretized, and made constant within each of these elements. In this 

manner, the potential distributions in electrostatic systems with complex geometries that often 

arise in Kelvin probe experiments involving devices can be approximated. KPFM measurements 

of various nanoscale potential distributions34, surface topographies38, and other phenomena such 

as grain boundaries61,65 have been successfully modeled by using FEM simulations. By coupling 

FEM simulations with experimental data, it is possible to gain a better understanding of the 
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surface topography and electronic structure of a surface when performing AFM/KPFM 

experiments. 

2.2: Force Spectroscopy 

FS is a family of experimental techniques that uses a mechanical force to probe the 

properties of a material. The work in this thesis focuses on FS on lipid bilayer membrane (LBM) 

samples performed using an atomic force microscope and all subsequent references to FS will 

refer to AFM-based FS of LBM systems. Here, an AFM probe tip is pressed down through a 

LBM and then retracted. The force data, the piezoelectric voltage data, and the tip deflection data 

are stored for analysis. 

Correct interpretation of FS data requires an understanding of the dynamics of the AFM 

cantilever. Figure 2 shows schematically how the cantilever behaves during a FS experiment 

using a LBM on a hard substrate. In (a), the cantilever position z is adjusted to indent the tip into 

the sample. When contact is made, the cantilever beam deflects a distance d. The difference |z|-|d| 

is the indentation distance 𝛿, the position of the tip relative to the sample surface. The distance 𝛿 

is the most widely used measurement value in AFM FS literature66. A closer view of the tip-

sample interaction is shown in (b). The tip is brought into contact with the LBM, and pushed 

through it. The tip force as a function of 𝛿 for a sample FS experiment is shown in Figure 2(c). 

For large 𝛿 values, there is minimal force, since the tip does not interact with the surface. The 

vertical data points at 𝛿 = 0 (Point A) indicate contact with the hard substrate. The jump 

between Point B and Point A is a breakthrough event, where the probe tip tears through the 

LBM. Point C is the initial contact between tip and sample. These force/indentation spectra are 

useful measurements in FS, because they allow for the measurement of certain material 
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properties of a surface. For instance, the rate at which the force increases with increased 

indentation (Point C) is related to the Young’s modulus of the LBM. The exact relation needed 

to compute the Young’s modulus is not simple, as it depends on tip geometry, tip-sample 

interactions, and LBM composition.  

 

 

Figure 2 — Force Spectroscopy on Lipid Bilayers: (a) Schematic of cantilever behavior 

during FS. Tip-sample separation is calculated by taking the difference between the cantilever’s 

displacement and its deflection. (b) Schematic representation of a tip being indented into a LBM 

during a FS experiment. (c) Force as a function of calculated tip-sample separation. 

 

Models for tip force as a function of indentation have been the subject of much research 

in research years because of the rise of AFM FS as a materials characterization technique2–8. The 

Sneddon model isone such model that models a cone indenting into a semi-infinite elastic 

material67: 

𝐹𝑆𝑛𝑒𝑑𝑑𝑜𝑛 =
2

𝜋
tan 𝜃

𝐸

1−𝜈2 𝛿2. 

Equation 3
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This expression relates the tip-sample force F to the indentation distance 𝛿 of the tip into the 

sample, with 𝜃 being the conical tip’s opening angle, 𝜈 the Poisson ratio of the sample, and 𝐸 the 

Young’s modulus of the sample. The Sneddon model is a good approximation for the behavior of 

an elastic material, but it does not take into account the stiffness variation between the substrate 

and tLBM, causing the model to overestimate the membrane’s Young’s modulus. A modified 

model that accounts for the substrate stiffness, known as the bottom effect cone correction 

(BECC) model, is36: 

𝐹𝐵𝐸𝐶𝐶 =
8

3𝜋
𝐸 tan 𝜃 𝛿2(1 + 1.7795 

tan 𝜃

𝜋2

𝛿

ℎ
+ 16(1.7795)2𝑡𝑎𝑛2𝜃 

𝛿2

ℎ2).   Equation 4

In this adapted model, the finite thickness of the LBM is taken into account by considering an 

elastic membrane of thickness ℎ on top of a semi-infinite rigid substrate. 

Using these two models, the elastic modulus was computed for tLBMs using FS 

experimental data. Least-square fits of the force versus indentation data to the Sneddon and 

BECC models determine the elastic modulus of sample LBMs. A flow chart showing the basic 

logic behind the analysis of a single force-distance curve is shown in Figure 3. First, the force-

distance data in the form of tab-separated text is imported as a list of ordered pairs and filtered to 

remove aberrational curves, such as those containing vibrational artifacts or multiple 

breakthrough events indicating overlap of LBMs. Three points of physical significance are then 

algorithmically determined: The hardwall contact point, the breakthrough point, and the contact 

point. The hardwall contact point corresponds to the point where the force versus indentation 

slope becomes infinite when the tip comes in contact with the hard substrate. The breakthrough 

point is the last point during the tip’s approach before the tip overcomes the LBM’s intra-

membrane forces and breaks through, as signified by a sudden change of slope in the force-
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distance curve. The contact point is the point when the probe tip first comes in contact with the 

membrane surface. The locations of these points are determined and stored to be used in the 

modulus computations. The difference between the breakthrough point position and the hardwall 

contact point position is referred to as the breakthrough distance. An estimate for the total 

membrane thickness, computed as the difference between the contact point position and the 

hardwall contact point position, is referred to in this work as the onset compression distance. 

Finally, the data near the contact point are used in a native Mathematica fitting function to solve 

for the Young’s modulus using either the Sneddon model (Equation 3) or the BECC model 

(Equation 4), with appropriate parameter values substituted (𝜃 = 35°, 𝜈 = 0.5, and ℎ is given by 

the onset compression value. 

Once this computation is completed for all sets of data, we can proceed to data analysis. 

The code used in this work calculated the breakthrough distance, onset compression distance, 

and Young’s modulus for the LBM systems, allowing for a detailed analysis of changes in their 

stiffness and membrane strength. 
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Figure 3 — Modulus Calculation Flow Chart:  
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CHAPTER 3: FEM-SUPPLEMENTED KPFM 

Interpreting Kelvin Probe Force Microscopy of Current-Carrying Nanowires 

 Nanowires (NWs) are an important topic in device research, with many different 

applications 40–48. Vapor-liquid-solid deposition is a versatile technique used to produce NWs, 

and still used to produce various sensors, batteries, and solar cells68–70. Nanowires grown using 

VLS deposition, shown schematically in Figure 4, were studied using AFM and KPFM. Si 

electrodes were created by etching a 100nm thick n-type Si layer on a SiO2/Si substrate, and then 

were passivated with a layer of Si3N4. Au nanoparticles were then deposited at the 

electrode/trench interface to catalyze the growth of Si nanowires across the trench. Other work71 

details the growth process in more detail, though the nanowires used in this study are different in 

that they did not have a top metal gate on the nanowire, and they had an approximately 3nm 

thick SiO2 oxide layer.  

AFM topography and KPFM CPD data for two such nanowires are shown in Figure 5 

and CPD line profiles across the nanowire labeled “NW2” for various applied potentials are 

shown in Figure 6. From Figure 5(c), the applied bias is seen by comparing the measured CPD 

on the two electrodes, however bright ridges appear at the electrode-trench interfaces. These are 

also seen in the zero-bias case (Figure 5(b)).  These peaks can be seen in more detail in the line 

profiles of Figure 6. Correct interpretation of this data is important to understand the 

experimental system, but it is a nontrivial process. 
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Figure 4 — Vapor-Liquid-Solid Nanowires: Schematic cross-section of a VLS nanowire and 

(inset) a schematic of an Au particle used to catalyze the growth of a nanowire. (b) SEM image 

of one of these nanowires. 

 

 

 

Figure 5 — VLS Nanowire Scanning Probe Measurements: (a) AFM topography map of two 

VLS nanowires NW1 and NW2, with black lines signifying the ends of each nanowire. (b) CPD 

map with VAB = 0V and (c) at VAB = 1V. Black lines in (c) show locations of CPD line profiles 

shown later. 
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Figure 6 — VLS Nanowire CPD line profile: CPD values measured across a VLS nanowire 

spanning from electrodes labeled “A” and “B” with various applied biases.  

 

 KPFM CPD maps of these nanowires are challenging to interpret for a number of 

reasons. The topography of the sample can introduce experimental artifacts. If the probe tip does 

not track the sample surface perfectly, and the tip is closer or further from the surface than 

expected, experimental artifacts will arise due to changes in the signal-to-background ratio38,64. 

This is likely to happen in topographically inhomogeneous samples, especially when there are 

steeply varying features such as the electrode/trench interface. There are also a number of 

different materials on the surface, and KPFM is sensitive to the local work function in a sample. 

These contributions to the local electronic potential can potentially confound the results of 

KPFM. The presence of insulating materials also makes data interpretation difficult, as trapped 

charge changes the local electronic potential. This makes KPFM of insulators such as SiO2 a 

challenge19. These features convolute measurements of the local electronic potential of a sample, 

making it important to bear in mind the various sources of measured CPD variations. 
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The contributions to the CPD measurements taken from these VLS nanowire systems 

were identified using FEM simulations. The COMSOL Multiphysics software package was used 

to model the electrostatic behavior of a model Si nanowire. Two contributions to the anomalous 

CPD signals were investigated: The tip-sample separation and trapped charge at the 

electrode/trench interface.  

The experimental system was modeled near a single nanowire 100 nm in diameter 

spanning a SiO2 trench 1.5 µm wide between two Si electrodes with an insulating Si3N4 coating, 

similar to the schematic shown in Figure 4(a). The tip used during surface characterization 

(Olympus AC160TS) was approximated as a conical frustum joined with a sphere of the same 

nominal radius of curvature as the experimental tip. Standard material properties were used in 

each domain, and potential boundary conditions were applied to simulate the applied bias 

between the electrodes and the current traveling along the nanowire. 

The impact of incorrect surface tracking on CPD measurements in KPFM has been 

demonstrated38. If a probe tip tracks closer to a sample surface at certain locations than others, 

the detected CPD can be different due to a different signal-to-background ratio, so FEM 

simulations were used to investigate the effect of varying the tip-sample separation at the 

electrode/trench interface, where the topography changes most drastically. In these simulations, 

the CPD was calculated and line profiles were produced near the positive electrode/nanowire 

interface for effective tip-sample separations of 20nm, 30nm, and 40nm. The results of this 

simulation are shown in Figure 7. It is seen that there are only minor changes in the CPD as the 

tip-sample separation is doubled. Incorrect tracking of the surface is thus not likely to account for 

the large potential peaks seen in Figure 6.  
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To investigate whether interface states at the nanowire/trench interface were responsible 

for the potential peaks shown in the KPFM line profiles, simulations were performed with a 

positive line charge inserted along the SiO2/Si3N4 interface, for both 0.5V applied across the 

electrodes and for 0V. The resulting simulated line profiles across the nanowire trench in the 

presence of this interface charging is shown in Figure 8(a), along with the corresponding 

voltage-normalized curve (b). Potential spikes at the nanowire/electrode interface similar to those 

seen in Figure 6 are seen in the non-normalized curve, and are removed by normalization. 

 

 

Figure 7 — FEM-calculated CPD partial line profiles: CPD line profiles near the 

nanowire/electrode interface, calculated using FEM simulations for differing tip-sample 

separations (z). 
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Figure 8 — Simulating interface charge states: (a) Simulated line profiles across a NW with 

positive interface charge inserted at the lowest point of the Si3N4 (indicated with red arrows in 

the schematic). (b) Voltage-normalized CPD line profile (obtained by taking the point-by-point 

difference between the two curves in (a)).  

 

These simulations help to clarify the physical origin of the experimental features at the 

nanowire/electrode interface by using first-principles electrostatic calculations. The 

differentiation between experimental data and artifacts is an essential part of KPFM 

experimentation, and these simulations allow for a more quantitative understanding of otherwise 

ambiguous signals. By varying the tip-sample separation and computing CPD line profiles 

(Figure 7), it was demonstrated that the nanowire interface states were not likely caused by a 

scanning artifact from incorrect surface tracking. Furthermore, the simulations (Figure 8) also 

showed the possibility that trapped charge could cause the potential spikes seen in Figure 6. 

The charge detected at the Si3N4/Si interface is not surprising, as the junction between 

these two materials has been long studied as a charge storage medium for application in memory 

storage devices72. The nanowire trench in the present study was etched using reactive ion 
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etching, and so it is likely that this process embedded charge in the Si3N4/Si interface during this 

etching process. 

 With the results of FEM simulations, it is now possible to perform more 

normalization techniques on the KPFM data to gain a deeper understanding of the electronic 

behavior of these systems. In Figure 9(d), it can be seen that NW I is not connected to the lower 

electrode. To investigate if there is a way to procedurally identify this nanowire as non-current-

carrying, normalization techniques were applied. Figure 9(b) shows the voltage-normalized line 

profiles for NW I, and Figure 9(c) shows what the authors call the oxide-normalized line 

profiles. These are obtained by first taking CPD line profiles across the bare SiO2 trench, shown 

in (e), and voltage normalizing them. These voltage-normalized oxide line profiles, pictured in 

(f), are then subtracted from the voltage-normalized line profiles along the nanowire. From (c), it 

is seen that the potential is uniformly zero, with the exception of the local work function change 

caused by a Au NP present near electrode B. This indicates that via normalization we have 

accounted for all of the contributions to the measured CPD. The disconnected nanowire therefore 

behaves similarly to the oxide background, and so the detected CPD in these NWs is primarily 

due to the capacitive response of the insulating SiO2 substrate to the applied bias. 

Oxide normalization of KPFM measurements was then carried out on current-carrying 

NWs, shown in Figure 10. Voltage-normalization is performed, and then oxide normalization, 

shown in (a) - (c). It is seen in (c) that the current-carrying NW II has a bias-dependent change in 

oxide-normalized CPD along the nanowire. The same behavior is observed in NWs III and IV, 

pictured in (d) and (e). The results from the oxide-normalized CPD line profiles therefore allow 

for the measurement of the change in electron density of current-carrying NWs as a function of 

applied potential.  
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 This chapter demonstrated the use of computational methods in conjunction with 

normalization techniques to effectively and unobtrusively investigate NW systems. AFM and 

KPFM experimental data were interpreted to gain quantitative insight into the nanoelectronic 

behavior of these systems. First, FEM simulations were used to identify the physical origin of 

anomalous spikes in the measured CPD near NW-electrode interfaces as trapped charge 

introduced by the sample preparation process. Simulations were also used to justify the process 

of voltage normalization, which revealed nearly linear potential drops across the NWs, as 

expected for uniform NWs. Oxide normalization was then performed to provide a means of 

measuring the relative charge density on NWs. It has therefore been demonstrated that KPFM in 

conjunction with simulations is a powerful, facile, and contact-free method to probe surface 

electronic properties of nanodevices under operating conditions. 

 

Figure 9 — Oxide Normalization : (a) Voltage line profiles across a broken NW (NW I shown 

in the KPFM image (d) ), along with the corresponding voltage-normalized curve (b). The oxide-

normalized curve is shown in (c). The oxide trench data used to compute the oxide-normalized 

curve is shown in (e), along with its corresponding voltage-normalized curve. 
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Figure 10 — Oxide Normalization of Current-Carrying NWs: (a) CPD line profiles across 

NW II shown in Figure 9(d), along with (b) voltage normalized and (c) oxide normalized curves 

for the same NW. Also pictured are oxide normalized line profiles for NWs (d) III and (e) IV 

respectively. 
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CHAPTER 4: BATCH ANALYSIS OF FS DATA 

Computation of the Elastic Modulus of Tethered POPC LBMs 

 

Lipid membranes are important in many topics in the biological sciences, including cell 

morphology49, neurodegenerative disorders50, viruses51, and medicine30,52,53.  Solid supports for 

lipid bilayer membranes (LBMs) provide a convenient two dimensional platform to facilitate the 

investigation of their physical properties54–57. 

Unilamellar vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC) and functionalized with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

poly(ethylene glycol)-2000-N-[3-(2-pyridyldithio) propionate] (DSPE-PEG-PDP) with DSPE-

PEG-PDP concentrations ranging between 0% and 24% were deposited on mica ( vesicles with 

0% DSPE-PEG-PDP) and gold (vesicles with >0% DSPE-PEG-PDP) substrates to investigate 

changes in the mechanical behavior of LBMs as the density of attached functional groups 

changes. FS was used to produce force-distance curves and least-squares fitting methods were 

used to numerically solve for the Young’s modulus of the membranes. 

Vesicles were produced using a series of freeze-thaw cycles followed by extrusion 

through porous membranes to make homogeneous vesicle suspensions. This process began with 

a solution in chloroform of POPC and DSPE-PEG-PDP with the desired molar ratios. These 

solutions were then dried at the bottom of a glass vial to remove chloroform, and then rehydrated 

with HEPES buffer solution to a lipid concentration of 5mM. This suspension was subjected to 
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freeze-thaw cycles and extruded through polycarbonate membranes with 100nm pores to 

produce suspended vesicles.  

A tethered LBM (tLBM) is a membrane that is chemically bonded to a substrate. Non-

tethered LBM systems were created by depositing pure POPC vesicles (0% DSPE-PEG-PDP) on 

freshly cleaved mica, and functionalized vesicles were deposited on template-stripped Au (TS-

Au). The samples were all incubated at room temperature for 30 minutes to form large LBM 

domains.  

These systems were probed using AFM and FS experiments performed on an Asylum 

Research MFP-3D-Bio AFM system, using Olympus OMCL-TR 400 PSA tips. Figure 11 shows 

AFM images of the tLBM systems. Figure 11(a) shows AFM topography maps of a bare TS-Au 

substrate with a root-mean-square roughness of less than 0.6nm. The POPC LBM shown in (b) 

displays high uniformity, and the DSPE-PEG-PDP functionalized tLBMs display large uniform 

domains in the concentration range from 2.5% to 10%. At 24% DSPE-PEG-PDP, however, 

domain boundaries can be seen, with domains ranging in size from 50nm to 400nm in diameter. 

These domains do not coincide with the domains of the TS-Au substrate shown in (a), indicating 

that this phenomenon is independent of the substrate surface morphology. 
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Figure 11 — AFM Topography of LBM Systems: (a) bare TS-Au used as the substrate for (c)-

(f), (b) an un-functionalized LBM on mica and (c)-(f) LBMs with varying molar percentages of 

DSPE-PEG-PDP (2.5%, 5%, 10%, 24%) on TS-Au.  

 

FS was performed on these systems, probing the mechanical behavior of tLBMs. To gain 

a statistically representative understanding of the sample system, a large number (n>150) of 

force-distance curves were analyzed for each concentration of DSPE-PEG-PDP using batch 

analysis. Using the algorithms outlined previously, the breakthrough distance, onset compression 

distance, and Young’s modulus are calculated for each force-distance curve.  

The calculated breakthrough and onset compression values are shown in Table 1. It is 

seen that the breakthrough distance for the non-functionalized LBMs is 2.9 nm. The 

breakthrough distance increases to approximately 4.5 nm when the concentration of DSPE-PEG-

PDP is between 2.5% and 10%, and then decfreases to 3.5 nm at the higher concentration of 

24%. The LBM thickness, or onset compression distance, has a value of 8.8nm for the POPC 

membrane, agreeing well with previous measurements of vesicle thickness73, plus a 2 nm water 
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layer between LBM and substrate. For DSPE-PEG-PDP concentrations between 2.5% and 8% 

the LBM thickness increases to approximately 10 nm, decreasing to 9.4 nm at 10% concentration 

and further decreasing to 8.2 nm at 24% DSPE-PEG-PDP. The increase in thickness when the 

functional group is introduced can be attributed to an additional hydration layer due to the 

tethering molecules. The subsequent decrease in thickness signifies a structure change in the 

tethering molecule layer. 

 0% 2.5% 5% 6% 8% 10% 24% 

dBRK 2.9 ± 0.4 5.0 ± 0.3 4.6 ± 0.5 4.1 ± 0.7 4.4 ± 0.8 4.8 ± 0.6 3.5 ± 0.5 

dOC 8.8 ± 1.1 11.0 ± 0.6 9.2 ± 0.9 9.6 ± 1.4 10.0 ± 1.2 9.4 ± 1.03 8.2 ± 1.0 

Table 1 — Vesicle Size Data: Breakthrough distance and onset compression distance values (in 

nm) for the given molar concentration of DSPE-PEG-PDP.  

This structure change can be observed in more detail by looking at the force-distance 

curves. Figure 12 shows sample curves for various concentrations of DSPE-PEG-PDP with a 

log-scale force axis. Taking the logarithm of the force enhances the initial tip-sample interaction 

region, allowing us to see the tip’s longer range interactions with the LBM, including 

electrostatic interaction with the tethering molecules. The small magnitude of the exponential tail 

of the 0% data indicates the absence of tethering molecules, as expected. There is not a 

significant change in the 2.5% case, indicating that the tethering molecules are in the mushroom 

phase, reducing their long range interaction. In the 8% and 10% curves, there is an increase in 

magnitude of the long range interaction, reflecting the presence of brush phase tethering 

molecules, which are longer. As the concentration is raised to 24%, a reduction in long range 

force magnitude is seen, showing a reduction in the concentration of brush-phase tethering 

molecules. This change in tip-sample interaction in the 24% data along with the observed 
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formation of domain boundaries and changes in breakthrough distance and membrane thickness 

indicate a change in the structure of the POPC LBM system with increased concentrations of 

DSPE-PEG-PDP. 

 

Figure 12 — Semilog Force-Distance Curves: Force-distance curves with a log-scale force 

axis for (a) 0%, (b) 2.5%, (c) 8%, (d) 10%, and (e) 24% DSPE-PEG-PDP. The insets are 

histograms of the breakthrough distance with the x-axis in nm. 

 

 The results of the Young’s modulus calculations are shown in Figure 13. From the 

histograms, it is seen firstly that the calculated Young’s modulus is nearly an order of magnitude 

smaller when using the BECC model as opposed to the Sneddon model. This is expected, since 

the BECC model corrects for the contribution of the rigid substrate to the apparent modulus. 

Furthermore, the histograms in (c) show narrower peaks, indicating that this model fits the data 

more accurately. The modulus trend shown in (d) shows an initial decrease in stiffness during the 

transition from 0% to 2.5%. This is due to the introduction of the tethering molecule cushioning 

layer between the LBM and TS-Au substrate. As the DSPE-PEG-PDP concentration is further 
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increased to 6%, E continues to decrease. This is due to disorder associated with the mushroom 

to brush transition of the tethering molecules. This explanation is also supported the abrupt 

increase in E at 8%, which is the result of the less compressible brush phase becoming the 

dominant phase of the tethering molecules. 

 

Figure 13 — Young’s Modulus Results: Histograms of the Young’s modulus calculated using 

(a) the Sneddon model and (c) the BECC model. The Young’s modulus as a function of DSPE-

PEG-PDP concentration is shown in (b) and (d) for the Sneddon and BECC models respectively. 

 

 The jump in E at 24% appears to show another phase transition, a hypothesis supported 

by the membrane thickness decrease seen in Table 1. This transition is believed to be the result 

of the PEG chains segregating to the edges of the flattened micelle domains observed in Figure 

11(f) to stabilize the edges. This edge segregation has been previously reported for DSPE/PEG 
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and DSPC/PEG micelles74,75. The change in tLBM structure is shown schematically in Figure 14. 

With small concentrations of DSPE-PEG-PDP, the tethering molecules are spread out and are 

preferentially in the mushroom phase. Once the concentration of DSPE-PEG-PDP is raised to 

8%, a phase transition occurs, and the tethering molecules reshape into the brush phase. At 

higher concentrations (~24%), there is another phase change, wherein the tLBM divides into 

flattened micelle domains, and DSPE-PEG-PDP groups congregate at the edges of these 

domains, leaving few tethering molecules on the flat regions of the tLBM. 

 
Figure 14 — Schematic of Tethered LBM Evolution: (a) Untethered LBM on mica. (b) Low 

concentration (1-6%) DSPE-PEG-PDP tLBM displaying mushroom phase conformation. (c) 

tLBMs with 8-10% DSPE-PEG-PDP, with tethering molecules in the brush phase. (d) High 

concentration (24%) DSPE-PEG-PDP, with tethering molecules preferentially segregating to 

micelle edges. 

 

 In this chapter, AFM force spectroscopy is used to determine the Young’s moduli for 

tethered POPC LBMs with varying concentrations of tethering molecule DSPE-PEG-PDP, 

demonstrating the versatility of AFM FS as a stiffness measurement tool. It is found that the 

introduction of a PEG cushion layer decreases the measured stiffness of POPC membranes 
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relative to the membrane on a solid substrate without a cushion layer. There is a minimum in the 

measured stiffness at a DSPE-PEG-PDP concentration of 6%, corresponding to the disorder of 

the mushroom to brush transition. This minimum is followed by a sharp increase in stiffness due 

to the increased density of tethering molecules. Comparison of the two fitting models used on the 

data indicate that using the corrected BECC model decreases the measured stiffness and reduces 

the variance in the measured modulus due to the effect of the hard substrate being accounted for.  
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

Summary and Conclusions 

 The work in this thesis demonstrates the synergistic use of computational methods in 

conjunction with force microscopy experiments. FEM modeling was used to model the 

electrostatic interaction between KPFM probe tips and different surface potential distributions in 

VLS-grown Si NWs with applied bias to gain a quantitative understanding of experimental data. 

Additionally, algorithmic data analysis was applied to interpret large amounts of FS data taken 

from tLBM systems extracting the Young’s modulus, membrane thickness, and breakthrough 

distance from experimental data. The work presented in this thesis shows the advantages of using 

computational methods in conjunction with force microscopy experiments. 

 AFM and KPFM experiments were performed on VLS NWs spanning an oxide trench 

between two electrodes using AFM. The electric potential across the NWs was varied to observe 

the local potential response using KPFM. KPFM CPD data along the NWs showed anomalous 

peaks near the ends of the nanowire trench. These peaks were found to be bias-independent, and 

voltage normalization was found to remove them entirely. To investigate the source of these 

peaks, this thesis presents results of FEM modeling. First, CPD line profiles were simulated for 

varying tip-sample separation, and it was found that surface tracking artifacts were not likely the 

source of these peaks. The simulations were repeated with charge inserted at the electrode/trench 

interface, and the simulated CPD data matched experiment well. Additionally, voltage 

normalization with the simulated data retrieved the expected NW potential response (a linear 

decrease in CPD across the NW). These FEM models lend support to the normalization methods 
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used to interpret experimental data, and are valuable tools during force microscopy 

experimentation. 

 FS data, consisting of hundreds of force-separation data sets, is convenient to analyze 

using computational methods. FS was performed on POPC membranes tethered to TS-AU 

substrates by synthesizing POPC unilamellar vesicles using varying concentrations of DSPE-

PEG-PDP, and the breakthrough distance, membrane thickness, and Young’s modulus of the 

membranes were tracked as a function of tethering molecule concentration. LBM systems are 

very variable, so statistically significant batches of data are necessary to gain an overall 

understanding of the properties of a membrane system. This makes the use of automated 

algorithmic data analysis helpful in extracting useful data from FS experiments. Algorithms were 

written to filter bad data curves and extract the breakthrough distance and membrane thickness, 

as well as to fit the low-indentation region of the data to two different models of the force versus 

indentation relation to determine the Young’s modulus. By using these computational methods to 

analyze many sets of data, the mechanical properties of tLBM systems as a function of tethering 

molecule concentration were able to be determined with low statistical error. 

 The use of supplementary computations in conjunction with force probe experimentation 

has been demonstrated. FEM simulations help to elucidate the physical contributions to 

experimental data by starting from first principles. Batch analysis of data in FS allows for a 

reduction of statistical uncertainty by facilitating the processing of large amounts of data. 

Computational work should be considered whenever performing force microscopy 

experimentation to aid in understanding. 
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Future Work 

 This thesis has demonstrated the advantages of computational methods used to 

supplement force probe studies by discussing two systems, but there are many other 

opportunities to utilize this potent experimental tool.  

Identification of Experimental Artifacts 

 In Chapter 3, a NW system was simulated using FEM simulations to prove that measured 

CPD spikes were not due to experimental artifacts. This procedure can be useful in most KPFM 

experiments. Due to the long-range nature of the electrostatic force relevant to KPFM, 

experimental artifacts are a nontrivial concern. FEM simulations of various sample geometries 

are a useful supplement to any KPFM experiment with nontrivial geometry. Once the theoretical 

CPD measurement for a given geometry is determined, the KPFM user can then focus on 

observing local variations in the CPD caused by work function changes and charges. This 

effectively increases the spatial resolution of KPFM. 

KPFM of Nanodevices 

 The current-carrying NW system studied in this thesis were a good example of devices 

studied under operating conditions, but the presented methods can be applied to many different 

two-dimensional devices. KPFM of field-effect transistors, photovoltaics, and memristors, for 

instance, can yield important insights into their local electrical properties.  

Tethered Lipid Bilayer Membranes as a Cell Model with Controllable Stiffness 

 The tLBM system highlighted in Chapter 4, due to its controllable stiffness, can be used 

to study the interactions of cell membranes with peptides and proteins. Biological systems are 
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complex, making the in vivo study of cell membrane interactions difficult. A model tLBM 

system allows for a streamlined study, isolating effects solely due to variations in the mechanical 

behavior of the membrane. 

Bilayer Membrane Stability Studies 

 This thesis demonstrated a dependence of POPC membrane stiffness on the density of 

tethering molecules, however tLBM systems can be used as a platform for studying the impact 

on the stability of cell membranes caused by various biologically-relevant phenomena, such as 

the presence of pharmaceuticals, pH changes, or hormones. This system would allow for 

stiffness studies on a simplified tLBM system, as opposed to the more commonly used technique 

of probing the stiffness of whole living cells. 
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