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Chapter 1        

INTRODUCTION 

1.1 BACKGROUND 

 The visible world around us is made of atoms, which in turn combine to make 

molecules. Thus any system is comprised of discrete entities, and the seemingly continuous 

nature of systems is only an approximation, which is only valid in the micrometer scale and 

above. The significance of the discrete nature of any fluid or solid systems is well illustrated by 

Richard Feynman in “Atoms in Motion”
2
: “If, in some cataclysm, all of scientific knowledge 

were to be destroyed, and only one sentence passed on to the next generations of creatures, what 

statement would contain the most information in the fewest words? I believe it is the atomic 

hypothesis (or the atomic fact, or whatever you wish to call it) that all things are made of atoms 

— little particles that move around in perpetual motion, attracting each other when they ore a 

little distance apart, but repelling upon being squeezed into one another. In that one sentence, 

you will see, there is an enormous amount of information about the world, if just a little 

imagination and thinking are applied.” Thus it is imperative to realize that for any system the 

continuum approximation will fail at the molecular or atomic scale. Experimentally, in the case 

of liquid systems, one way to understand the properties arising from the discrete nature is to 

study a liquid-solid interface. At the nanoscale near the interface, the discrete nature of the liquid 

is expected to influence various properties, such as density, viscosity or diffusion constants. 

Understanding the interfacial properties of liquids is important for the development of 

nanotechnology, especially for the fields of nano-rheology and nano-tribology, and also for 
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understanding various mechanisms in biological systems at the molecular level, such as protein 

folding or the self-assembly of lipid vesicles, which invariably involve liquids. From a 

technological perspective as well, it is imperative to have a thorough understanding of the 

properties of liquids at the molecular level. New devices, such as nanofluidic channels or lab-on-

a-chip devices involve the transport of small amounts of liquids through nanosized structures. 

Liquids at the nanoscale can be  studied by various types of instruments, such as surface force 

apparatus (SFA)
3
, atomic force microscope (AFM) and fluorescence correlation spectroscope 

(FCS). SFA and AFM are force based instruments which can be employed to measure forces 

between two surfaces in close proximity, as well as rheological and tribological properties of thin 

liquid films of molecular dimension
4
. FCS is a fluorescence based technique that measures the 

dynamics of a small ensemble of molecules by extracting information from the tiny fluctuations 

in the fluorescent emissions
5,6

. 

Atomic Force Microscopy (AFM) and Fluorescence Correlation Spectroscopy (FCS) are 

complementary techniques. While the former provides high resolution topographical information 

or force vs. separation measurements (even under the native environment of biological systems), 

it provides only limited chemical, functional or temporal information. To obtain both spatial and 

temporal information, an integrated platform of AFM and FCS would be advantageous. A 

number of groups
7-12

 have used combined AFM and FCS systems to investigate various systems. 

Burns et al. used FCS to investigate the dynamics of domains in a model membrane and 

correlated them with the AFM topography measurements. Chiantia et al. have reported several 

studies on the mobility and organization of domains in liquid membranes. Several research 

groups have used Surface Force Apparatus, AFM, FCS and other optical techniques to 

investigate the behavior of various liquids confined down to the molecular level 
13-17

.  
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In our research group at Wayne State University, we have used a home-built AFM to 

investigate the nano-mechanics of octamethylcyclotetrasiloxane (OMCTS) 
18,19

, which is a low-

viscosity liquid (~0.02 Poise). OMCTS crystallizes near the room temperature (Tm=17 
o
C). 

Diffusion studies on OMCTS films were performed by Mukhopadhyay et al using FCS 
17,20

. 

Those studies have shown that such liquids layer themselves parallel to the substrates when 

confined, and their properties (diffusing, viscosity) are very different from those of the liquid in 

the bulk. Recently our group, in collaboration with  Mukhopadhyay et al,  has published a paper 
4
 

on the investigation of confined films of liquid tetrakis-2 ethylhexoxy-silane (TEHOS), using 

combined AFM and FCS measurements. The results from FCS experiments showed the slowing 

down of diffusion due to confinement and presence of heterogeneous dynamics. AFM results 

showed oscillation in the mechanical properties of the liquid film, indicating the presence of 

layering in the confined liquid film.  

One problem of this field of research is that different techniques are used to study liquids 

at the nanoscale. This complicates the comparison of the results to arrive at a uniform 

understanding of liquid properties at the molecular level. In addition, there are some significant 

experimental limitations in the earlier studies. For example, Mukhopadhyay et al 
16

 have studied 

diffusion of a fluorophore in a confined liquid using SFA, which is used for confining the liquid 

between two crossed cylinders. In these studies they could not systematically vary the thickness 

of the confinement, in addition there were stability issues arising from large forces due the large 

contact area of the confining surfaces.  

AFM is now commonly used to study the mechanics of liquid molecules under 

confinement. AFM can be used to obtain viscoelastic mechanical properties such as the stiffness 
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and damping coefficient. Such studies are performed to understand the dynamics of the system at 

the nano scale. However, the AFM measurements are performed on a relatively large number of 

molecules (>10
3
-10

5
) and with low temporal resolution (~ 1 ms). FCS, on the other hand, has 

single molecular sensitivity and can be used to study the behavior of single molecules with very 

high temporal resolution. On the other hand, FCS has low spatial resolution, as the resolution is 

limited by the size of the laser focus, which is a few micrometers large. Thus FCS, with its 

ability to probe the fast dynamics of a single molecule, is complimentary to AFM.  In this thesis, 

the successful integration of a newly built AFM with an existing custom-made FCS setup is 

presented. 

1.2 PROJECT DETAILS 

As mentioned in the previous section considerable work has been done on confined 

liquids using SFS, AFM and optical spectroscopy. Although the results are meaningful, the 

measurements are performed independently and correlations between them are rather difficult. 

This motivated us to design and build a combined AFM/FCS platform that can serve well the 

further investigations of nanoconfined liquids.  

The thesis research was undertaken with two major goals. The foremost goal was to 

design and construct a new high sensitive AFM, and to integrate it with an existing inverted 

microscope based FCS setup, which is available in our collaborator‟s group (Prof. 

Mukhopadhyay, Department of Physics and Astronomy, WSU). The second goal was to perform 

various experiments on confined liquids and selected biological systems. Specific objectives are 

as follows: 

1. Understand the dynamics of the confined liquids as a function of the layer thickness. 
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2. Investigate the response of the confined liquid for various stimuli, like oscillatory normal 

      load and shear. 

In order to achieve the specific goals, using this combined SFM/FCS instrument, it was 

originally proposed to undertake an experimental study of the dynamics of confined liquids. For 

this purpose two model liquids OMCTS and TEHOS were to be employed since there has been 

considerable experiments performed on these two systems.  However, due to some instrumental 

challenges and limitations (§ 4.5) we performed initial experiments on a colloidal system rather 

than the two model liquids, and hope that the originally proposed studies can be performed in 

future work after overcoming experimental challenges.  

 

 

 

 

 

 

 

 

 

Figure 1.2.1: Schematic of the confined fluid geometry 

Rigid Substrate 

Confined fluid layer 

AFM TIP 
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One of the draw backs of the previous fluorescence spectroscopy experiments on 

confined liquids, which employed SFA
16,21

, is that there was no means to vary the film thickness 

systematically. In those experiments the fluid layer was obtained by spin-coating technique or by 

sandwiching the fluid between two cylindrical surfaces (SFA). In the case of spin coating there is 

no way of precisely controlling the thickness of the confined fluid. In the case of SFA the issue is 

the large contact area. Large contact area leads to large forces. If these forces are attractive then 

the system becomes unstable. With our new combined AFM/FCS both these issues are taken 

care of, as the AFM tip itself forms the top surface (Figure 1.2.1) of the confined fluid. Thus the 

thickness of the layer can be controlled and the contact area is also not as large as in the case of 

SFA. This allows us to probe the system in the attractive regime.   

Previous FCS work
16,21

 performed on OMTCS has shown that the translational diffusion 

coefficient decreased by 2 orders upon confinement, indicating the formation of structure in the 

liquid upon confinement. Furthermore, well defined heterogeneity was observed in the 

autocorrelation function, indicating the presence of multiple diffusion processes. This lead to the 

hypothesis that there could be different diffusion rates in different layers of the structure. With 

our combined SFM-FCS setup this hypothesis could be tested by systematically varying the 

thickness of the confined liquid and measuring diffusion coefficient with FCS. 

SA-AFM experiments undertaken previously on confined fluid have clearly shown that 

there is ordering in the confined fluid (see Fig.11) 
4,18,19

. Furthermore it was found that the rate of 

confinement was the most important parameter controlling the dynamics of the confined liquid
4
. 

For OMTCS it was found that the confined liquid behaved „liquid like‟ for approach speeds 

lower than a critical speed, while the system behaved „solid like‟ at higher approach speed. Here 
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the distinction between solid like and liquid was based on whether the system is able to retain or 

dissipate stress
18

. Based on these experiments it was concluded that the solidification of liquids 

under confinement is a kinetically induced transformation. 

 

 

 

 

 

 

 

 

Figure 1.2.2: Stiffness and relaxation measurements using SA-SFM measurements on 

confined OMTCS
18

 for different approach speeds. Left: Speed 3Å/s .Right: Speed 6Å/s. 

 

Similarly the confined liquid has been subjected to an external shear in previous studies 

in our group
22

. These studies showed that the shear stiffness of the liquid also oscillates 

commensurate with the molecular layering of the liquid. However, the effect of shear on the 

diffusion in the confined liquid is unknown. This could be studied by measuring the diffusion 

coefficient of fluorophores using FCS, while simultaneously shearing the liquid. With this 

experiment we could understand how shear force changes the dynamical structure and diffusion 

in the confined fluid. Moreover, with our setup these two stimuli could be applied independently 

to both the top (AFM tip) and bottom (closed loop scanning stage) surfaces.  
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In summary, by integrating SFM and FCS into a single experimental platform we are able 

to perform experiments to correlate the nanomechanical measurements with single molecule 

diffusional behavior in confined liquids and biological systems.  

1.3 THESIS DETAILS  

 The thesis is organized into five different chapters following this chapter. Chapters two 

and three are devoted to explaining the two complimentary techniques, AFM and FCS. In 

chapter two, I describe the various aspects about AFM starting with a brief history. The chapter 

is divided into three sections, each of which details with the history, working principle, and 

applications, respectively. 

FCS technique is covered in chapter three. In this chapter, I present the details of FCS, a 

technique that provides information that compliments AFM measurements. This chapter is 

divided into two sections. In the first a brief background on FCS is presented, which is followed 

by a discussion on the theory and implementation of FCS technique. 

Instrumentation aspects are presented in chapter four. In this chapter, I describe the 

various pertaining to the design and construction of the combined AFM/FCS platform. The 

chapter is divided into six sections. In the first section, discussion on the rationale behind 

integrating AFM with FCS is presented. The second section gives the details of design, 

construction and implementation of the newly built AFM, which was successfully integrated 

with an existing custom made FCS setup.  In the next section, I elucidate a novel method to coat 

the end of an optical fiber, which was developed as part of my research
23

. In the fourth section 

the details of calibration of the various parts of the new AFM are presented. In the penultimate 
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section, the details of experimental procedures and some of the major challenges are presented. 

In the final section, I present the limitations of the new integrated platform. 

In the penultimate chapter, I describe the different experiments that were performed, and 

their respective results. This chapter is divided into three sections. The first two sections pertain 

to nanofluid properties, in bulk and under confinement.  The last section describes preliminary 

experiments and results for an antigen-antibody system. 

And in this final chapter, I present a brief summary of my thesis work, and describe 

directions for future research with the novel integrated platform constructed during this thesis 

work. Some of the proposed future experiments need to be performed to fully understand and 

explain the intriguing results presented in the previous chapter. 
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Chapter 2              

ATOMIC FORCE MICROSCOPE 

In this chapter, I describe the various aspects of AFM starting with a brief history, 

followed by the working principle, and applications of AFM.  

2.1 A BRIEF HISTORY 

 The complexities and heterogeneities of surfaces are very aptly illustrated by a famous 

quote by the Austrian Nobel-prize winning physicist Wolfgang Pauli: “God made the bulk, but 

surfaces were invented by the devil”. Surfaces are complicated and to study them sophisticated 

instruments are needed.  AFM belongs to a family of microscopes called Scanning Probe 

Microscopes (SPM), which are now widely employed to study surfaces at nanoscale, at which 

heterogeneity of the surfaces may have significant influence on various properties. In this family, 

Scanning Tunneling Microscope (STM) was the first instrument to be invented, in 1981, by Gerd 

Binnig and Heinrich Rohrer
24

; for which they received the Noble prize in 1986. Prior to the 

invention of STM, two different kinds of instruments, namely stylus profilometer and field-

emission microscope, were employed to study the local surface properties [Rohrer Noble 

lecture]. However, such instruments had limitations. Profilometers are unable to provide 

information at the nano or atomic scale. Field emission microscope gives atomic resolution. 

However, it is restricted to study sharp tips of clean samples under ultra high vacuum (UHV) 

condition. STM was the first instrument to „visualize‟ the 3D topography of surfaces of many 

different materials at the atomic scale in real space. In addition, different properties, for example 

electrical conductivity, of surfaces can also be obtained at the atomic scale. STM utilizes the 
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principle of quantum tunneling to perform topographical imaging at the nanoscale of conducting 

surfaces.  

Early on, the significant role played by the forces between the probe and the sample 

during STM operation was realized by the inventors. This motivated a few years later, in 1985, 

the invention of the AFM by Binnig, Quate and Gerber
25

. A photo of the first AFM, which is at 

the London Science Museum, is shown in Figure 2.1.1 In AFM the inventors combined the 

principles of STM and stylus profilometer
25,26

. Unlike its predecessor STM, AFM can be 

employed to study insulators. This is possible because AFM measures forces, which are present 

at any surface, conducting or non-conducting. The force is measured through the bending of a 

cantilever spring to which a sharp tip is attached, which interacts with the surface.  

 

 

 

 

 

 

 

 

 

 

Figure 2.1.1: World’s first AFM on display in London Science Museum [Courtesy of 

Wikipedia reproduced with permission]. Inset: STM with its investors Heinrich Rohrer 

(left) and Gerd Binnig [Courtesy of IBM Research- Zurich. Unauthorized use not 

permitted] 
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2.2 FUNDAMENTALS AND WORKING PRINCIPLES 

The basic principle of operation of AFM is schematically shown below in Figure 2.2.1.  

Shown in this schematic is an AFM that utilizes a laser detection system, which is commonly 

employed in commercially available AFM. 

 

 

 

 

 

 

 

 

Figure 2.2.1: Schematic illustration of AFM working principle (courtesy of Dr. Sokolov, 

Clarkson University, Potsdam, NY) 

The heart of the AFM is a sharp tip which is integrated with a flexible cantilever. As the 

distance between the tip and sample is reduced, the tip interacts with the sample due to 

intermolecular, interfacial or surface forces. As a result of this interaction, the flexible cantilever 

bends. Thus the cantilever acts as a “force transducer”. In the above setup, the cantilever bending 

is measured by reflecting a laser beam off its top side (that is coated with a high reflectivity 

film), onto a photo detector. The cantilever bending is determined from a shift in the position of 

the deflected laser spot on the photodiode. 
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In order to enhance measurement sensitivity, other detecting techniques
26

 have also been 

employed, in addition to the above mentioned optical detection scheme. One such technique uses 

an optical interferometer
27

. The working principle is schematically shown in Fig.2.2.2. This is 

the method we are using in the proposed study.  

 

 

 

 

 

 

 

 

Figure 2.2.2: Interferometric detection system 

 

2.2.1 AFM OPERATIONAL MODES 

AFM can be fundamentally operated in two different modes, namely static mode and dynamic 

mode. The modes are explained in detail in two different sections, which are presented below. 

2.2.1.1 Static (DC) or “contact” mode 

     In this mode the tip is moved vertically towards the sample and the corresponding 

deflection of the cantilever is measured. During this vertical motion at each point the equilibrium 

deflection (response of the cantilever to the tip-sample interaction) of the cantilever is recorded. 
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Similarly, the deflection is recorded while retracting the tip. Treating the cantilever as a Hookian 

spring, we can trivially obtain the tip–sample interaction force by multiplying the cantilever 

(equilibrium) deflection with its spring constant. This way force-distance curves can be obtained. 

The topographical image of a sample is obtained by monitoring the deflection of the 

cantilever as tip scans the sample. The topographical data can be obtained in two ways, namely 

constant- force mode or constant-height mode. In the former the deflection (hence the force) of 

the cantilever is set to a fixed value while in the latter the extension of the piezo is fixed. In the 

case of constant–force mode a feedback circuit moves the sample (or tip) up and down according 

to the sample features, in order to keep the deflection and hence the tip-sample force constant. 

The topographical data is generated from the voltage which the feedback circuit applies to the 

piezo that moves the sample (or tip), which can be calibrated to give the topography in terms of 

suitable units of distance (typically nanometers). In the case of constant-height mode the 

topographical data is generated from changes in the cantilever‟s deflection as the tip is moved in 

a straight line above the sample. Due to the fact that the tip is in “contact” with the sample, high 

frictional forces (drag) can be detrimental to both the tip and the sample (especially soft ones), 

which can ultimately be damaged during scanning. 

2.2.1.2 Dynamic (AC) or “Intermittent Contact” mode 

      In this mode the cantilever is vibrated vertically by applying a sinusoidal voltage to the 

(dither) piezo attached the cantilever. The response of the cantilever (amplitude, phase or 

frequency of oscillation) as a result of the tip–sample interaction is measured. Unlike the contact 

mode, the tip-sample interaction is not trivially obtained (see the next section). The 

topographical data is generated from monitoring the amplitude of oscillations. In this case the 
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feedback circuits moves the sample (or tip) up or down in order to fix the amplitude at a constant 

value as specified by the user. Since the tip is in “contact” with the sample only for a small 

fraction of time during the vibration, the issue of large force ( as encountered in DC mode) may 

be reduced. As a result, this method may be less damaging to softer samples. In the next section 

a special type of AFM, namely small amplitude AFM, which is operated in a AC mode is 

present. In this research we have employed this type of AFM. 

2.2.2 SMALL AMPLITUDE ATOMIC FORCE MICROSCOPE: 

Typically during the AC mode of operation, the cantilever is oscillated near its free 

resonant frequency in order to enhance its sensitivity. This often results in “large” amplitudes 

(10-100 nm) that introduce non-linear effects in the measurements. In order to linearize the 

measurements, in Small Amplitude Atomic Force Microscope (SA-AFM) the cantilever is 

oscillated below the resonant frequency at sub-Angstrom amplitudes
28,29

.  

 2.2.2.1 Theory of SA-AFM 

Since the tip–sample interaction gradient is essentially constant over the range of 

sufficiently small cantilever amplitudes, the interaction can be modeled as a damped driven 

harmonic oscillator
1
, as illustrated schematically in Figure 2.2.3. 

The equation of motion for the displacement of the tip-sample system in the small amplitude 

limit is given below.  

       )(* 0

...
zzkzkCm Ltsts zz             (2.2.1)                                     
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Here, m* denotes the effective mass of the vibrating cantilever, and Cts is the total damping 

coefficient of cantilever and tip-sample system. z0 and z stand for the displacements of the fixed 

end and the free end of the cantilever.  kL and kts stands for the spring constants of cantilever and 

tip-sample system. 

 

 

 

 

 

 

 

 

Figure 2.2.3: Model for cantilever-tip-sample system 

 

For a sinusoidally driven cantilever (with frequency ω and amplitude Ao), we get from above 

ti

LtsLts eAkzkkCm zz 
0)(*

...
                              (2.2.2) 

Using the harmonic solution,
tiAez  the magnitude and the phase of complex amplitude A 

are given by  
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Here, 
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 , is the „natural‟ frequency of the cantilever in the tip-sample force 

field. Using these equations, the damping coefficient Cts and interaction stiffness kts, can be, in 

principle, calculated from the amplitude and the phase of the cantilver, which are the 

experimental observables. When the cantilever is vibrated far below the resonance frequency and 

the oscillations are kept within the small amplitude range (<1 Å), the interaction stiffness kts is 

given by 
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For small  ( ≈ 0), the damping coefficient, Cts, and interaction stiffness, kts, become, 
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In order to avoid the so-called snap-to-contact effect, sufficiently high stiffness cantilevers are 

usually employed. Off-resonance operation also proved to be efficient in minimizing the thermal 

noise that can become significant for very small amplitude vibrations since most of it is centered 
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around the resonance. Off-resonance operation with small amplitude of oscillation requires a 

high sensitive detection mechanism, which in our AFM is provided by an interferometric 

detection system. 

2.3 APPLICATIONS 

 AFM has the required sensitivity and resolution to perform 3D topological, and force 

spectroscopic measurements at nano and even atomic scale. Originally, AFM was employed by 

the physics and surface-science communities to study properties at the nano-scale.  However, 

due to the inherent simplicity in design, operation and robustness, AFM is presently applied in 

various field including but not limited to biological sciences. In addition, AFM is incorporated or 

integrated with various other instruments, such as electron microscopes, confocal microscopes, 

Raman spectroscopes, and many more. It is not an exaggeration to say that AFM has become an 

indispensible tool in nanoscale or nanotechnology research. In the present work the first 

successful integration of AFM with a fluorescence correlation spectroscope is presented. In order 

to illustrate the versatility and power of AFM, a brief list of selected applications of AFM in 

three different sciences are presented. The applications presented are by no means complete or 

exhaustive.  

 

2.3.1 PHYSICAL SCIENCES 

  AFM can be used with practically all different types of materials, such as 

conductors, insulators, semiconductors, composites etc. With appropriate modifications it can be 

used to study magnetic materials as well. AFM is used to visualize, at the nanoscale, the 

topography of all various types of materials including heterogeneous and anisotropic materials. 
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In addition to direct imaging, high sensitivity AFMs are employed to manipulate groups of atoms 

or even individual atoms. AFM, when used for force spectroscopy, has the capability to measure 

various types of inter-atomic or inter-molecular forces, including but not limited to van der 

Waals and electrostatic forces. From force spectroscopy, the various properties like bulk 

modulus, cohesion/adhesion, electrical and magnetic properties, and interfacial properties of 

liquids, can be studied at the nanoscale
26,30-32

.  

  Using electric force spectroscopy, electrostatic forces at distances of less than 

1nm as well as over a large tip-sample distances have been measured
33,34

. Measurement of 

capacitance as low as 10
-19

F has been achieved
34,35

. Localized charges deposited on insulators 

with sensitivity as low as few electrons, and ferroelectric domains have been imaged
34-39

. Other 

electrical measurements like surface conductance of metals, contact potentials, impurity dopant 

concentration, and potential across junctions have been by reported various groups
40-47

. Similar 

to electrostatic measurements, magnetic interactions have been observed widely
48-50

. From early 

1990‟s, surface topography with atomic resolution on different materials have been 

demonstrated, and in addition, measurements of atomic scale friction have been achieved
51-53

. 

Thus it is not an exaggeration to say that AFM has been an indispensible instrument for surface 

science.  

2.3.2 CHEMICAL SCIENCES 

  AFM has the capabilities to observe, at the molecular scale and in-situ, any 

morphological changes that may occur due to a chemical reaction
54-60

. Ikemiya et al reported the 

observation of the formation of oxide film on Cu(100) and Cu (111) surfaces
58

. Using AFM, in 

situ direct observation of a lead electrode surface during chemical reaction with sulfuric acid was 

reported Yamaguchi et al
59

. AFM observations revealed that chemically formed lead sulfate was 
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clearly different in appearance from electrochemically formed lead sulfate. Such studies can be 

crucial in understanding chemical deposition that are of interest to both fundamental and applied 

research. In addition to deposition, other chemical processes such as corrosion, dissolution can 

also be monitored a using AFM
61

. With appropriate modification of the AFM probe, atoms and 

molecules can be manipulated, and hence local chemical reactions can be performed
62,63

. 

Topological imaging and or force spectroscope can be performed to monitor and quantify 

various process including but not limited to, self-assembly, electrochemical reactions and phase 

change
64-72

. 

   

2.3.3 BIOLOGICAL SCIENCES 

  The simple nature of the design of AFM renders it possible to be used in vacuum, 

ambient condition, and in liquid environment. The operation in liquid environment coupled with 

high resolution has made AFM a very attractive and useful tool for various applications in life 

science
31,73-80

. Unlike other electron microscopes, with the exception of sophisticated 

environmental scanning electron microscope, AFM operation in liquid or physiological condition 

provides information that is directly relevant to biological systems in their natural state. In 

addition, sample preparation in AFM is straight-forward and does not require any special sample 

treatment, like staining or fixing. With a signal-to-noise ratio better than any optical microscopic 

technique and with a spatial resolution approaching molecular dimensions, AFM is employed to 

visualize supra-molecular assemblies, and to characterize structure and functional conformation 

of cellular components in the native state
75,76,81-83

. AFM imaging of living cells has revealed 

specific structures, such as parts of the cytoskeleton, which were not observed by SEM
84

. In 

addition, membrane structures, such as ruffles, lamellipodia, microspikes and microvilli, could 
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be observed in the AFM images of living cells
84

. In the force spectroscopy mode, AFM detects 

inter-protein or inter-cell interactions at molecular resolution and from such interactions one can 

estimate various properties like local elasticity, chemical groups, and receptor sites of live 

cells
85,86

. From force spectroscopy, energy landscapes of bio-molecular reactions, kinetics, 

lifetimes, elasticity, and free energy can be determined
86-94

. Combining imaging with force 

spectroscopy modes in AFM, one can perform recognition imaging, which allows the 

localization of single receptors. In addition, AFM gives the user the ability for manipulation of 

the bio-molecules of cellular membranes
95-98

.  
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Chapter 3        

FLUORESCENCE CORRELATION SPECTROSCOPY 

In this chapter, I present the details of FCS. Information obtained from FCS compliments 

the results of AFM measurements. This chapter is divided into two sections. First, a brief 

background on FCS is presented, which is followed by a discussion on the theory and 

implementation of the FCS technique. 

 

3.1 BACKGROUND 
 

As the name suggests, Fluorescence Correlation Spectroscopy (FCS) is a spectroscopy 

based on fluorescence phenomenon. In fluorescence spectroscopy or any other kinds of 

spectroscopy the average intensity is the quantity of interest, which is monitored as a function of 

any system variables. However, in FCS, we are not interested in average intensity, but rather in 

the fluctuation in the fluorescence intensity from the average. These fluctuations contain 

information about the dynamics of the system under study. FCS was first developed
99-101

 in the 

early 70’s to measure the diffusion and chemical dynamics of DNA-drug intercalation. Later, 

FCS was applied to various other processes, such as inter-molecular or intra-molecular rate 

constants
102

.  

In general, even under chemical or thermodynamic equilibrium, any fluorescence signal 

contains small temporal fluctuations. These fluctuations may be due to various parameters 

associated with the fluorophore or the fluorescently labeled system under investigation. 

Variations in local concentrations, mobility coefficients, rate constants of inter- or intra 
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molecular interactions are some of the parameters responsible for the fluctuations in the 

fluorescence intensity. In principle, some or all of the above mentioned parameters can be 

determined from analyzing the fluorescence signal. One way is to perform temporal 

autocorrelation (measure of self similarity) of the fluorescence signal. FCS can be considered 

similar to dynamic light scattering (DLS) with fluorescence emission. However, there are a few 

major differences and each has its own unique advantages and disadvantages. DLS involves 

elastic or quasi-elastic scattering, while FCS involves fluorescence emission, which is inherently 

an inelastic scattering process. In the case of FCS, excitation could occur with the absorption of 

one or more photons.  In addition, unlike DLS, FCS can in principle be performed with multiple 

beams.  The different beams could be of same or different wavelengths.  In such a situation, 

cross-correlation with two different beams needs to be performed. However, DLS has the 

advantage of having the capability to perform wave vector (q) dependent measurements. From 

the q-dependent measurements, anisotropy and polydispersity of the colloidal suspensions could 

be determined. With regards to the sensitivity, FCS has the ability to detect single particles and 

thus allows experiments with very low concentration in the nano-molar range. DLS 

measurements, on the other hand, require much higher concentration. Such features of FCS 

render it more versatile than DLS. In the next section, the theory and implementation of FCS is 

presented. 

 

3.2 THEORY AND PRACTICE 
 

  FCS is based on analyzing the fluctuations of the fluorescence emission from an 

open volume, which is formed by tightly focusing a laser beam by a microscope objective. In 

FCS, the dynamics of the system under observation is obtained from estimating the auto-
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correlation of the fluctuations of the fluorescent intensity. The autocorrelation function (Equation 

3.2.1) gives the measure of interdependence of values of the random signal at two instants 

separated by some time interval. 
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Here, I(t) is the observed fluorescent intensity and δI(t)  is the fluctuation in the fluorescent 

intensity, as defined by Equation 3.2.2, given below: 

  )()( tItItI                                                                                                                                (3.2.2) 

In equation (3.2.1), the autocorrelation is normalized by dividing by the square of the average 

intensity, which also renders it dimensionless.  

The instantaneous fluorescent intensity for single photon absorption depends on various 

parameters, and phenomenologically is given by the equation below: 

                   

                                                                              

                                    (3.2.3) 

 

Here, V is the volume, κ is the overall detection efficiency; Iex is the spatial distribution of a 

excitation radiation; S is the spatial distribution of the transfer function of the optical system; σ is 

the molecular absorption cross-section; q is the quantum yield; and C is the concentration of the 

fluorophore. In general, for fixed optics the last three parameters depend on time and space. 

Fluctuation in any one of these parameters leads to changes in the intensity.  
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  Let us consider the simplest experimental situation where the fluctuation in 

fluorescent intensity is solely due to concentration fluctuations, which may occur due to 

chemical reaction, diffusion or mass transport. Under thermal equilibrium, concentration 

fluctuations in the focal volume occur due to diffusion (thermal motion). In this thesis work, we 

will consider such a scenario as all the experiments are performed under thermal equilibrium. In 

the case of diffusion, the concentration fluctuation satisfies Fick‟s law as given below: 
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                                  (3.2.4) 

Here, D is the diffusion coefficient.  

  For the spatial distribution of the laser intensity in the focus, we assume a 

Gaussian model: 
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Here, ω0 is the (half) width of the laser focus in lateral direction, Z0 is the laser beam (half) 

length in the vertical (axial) direction. 

 

In combination with Equations 3.2.1, 3.2.3, & 3.2.4, and using Green‟s functions, an 

analytical expression for the autocorrelation for different situations can be obtained [ref].  For 

example, the autocorrelation function for the case of free 3D diffusion is given by Equation 

3.2.6.  
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Here, τ is the lag time. The laser beam dimensions for a given optics are fixed, and they can be 

experimentally determined using rhodamine 6G (Rh6G), a fluorescent dye with D = 280 µm
2
/s at 

room temperature in aqueous solution  

 The absolute value of the auto-correlation at the start [G(0)] depends inversely on number 

(N) of fluorescent dyes in the measurement volume. From Equation 3.2.1, G(0) is given by 
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The numerator is the variance and denominator is the square of the mean of the intensity, which 

is directly proportional to N. Thus Equation 3.2.7 becomes: 
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Since FCS employs very low concentration of dyes it is valid to assume a Poissonian distribution 

for its number.  For Poisson distribution variance is equal to mean. Hence we get: 

N

G
1

~)0(               3.2.9 

Thus from single FCS measurement we can estimate both the diffusion coefficient and 

concentration of the dynes.  

 In Figure 3.2.1, the plots of the model of autocorrelation function for various processes 

are shown. Analytical expressions can be derived for all the cases shown in Figure 3.2.1
103,104

. In 

addition, such expressions can be easily modified if more than one diffusing species is present in 
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the system under study, and FCS has the required specificity to distinguish the different species. 

The expression for autocorrelation function in Equation 3.2.6 was derived assuming single 

photon absorption. However, as mentioned earlier, FCS experiments could be carried out with 

multi-photon absorption as well, and a similar to single photon analytical expression for the 

autocorrelation functions for various diffusion processes can be derived [ref]. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.1: Model autocorrelation functions for various processes [Courtesy of Prof. 

Petra Schwille, Biotechnological Center of the TU Dresden, Germany] 

 

As an example, Equation 3.2.10 gives the autocorrelation function for a 3D free diffusion for two 

photon excitation. 
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  In the mid 1990s, two decades after introduction of FCS, Enrico Gratton‟s group 

first demonstrated the application of two-photon excitation to FCS
105

. In that work, the authors 

successfully measured the translational diffusion in the cytoplasm of cells, in addition to 

measurements of diffusion coefficients for particles of different sizes in bulk solution. Similar to 

confocal microscopy, two- photon FCS has depth resolution, however it excites a very small 

volume (of the order of femto liter) in 3D without the presence of emission pinholes. The 

absorption cross-sections for two-photon process are generally very small and hence it requires 

intense light for such excitations. Sufficiently high intensity needed for the excitations occurs 

only in a small volume around the focus. Therefore in two-photon FCS the smaller excitation 

volume is naturally obtained without pinholes.  In addition, there are other advantages of two-

photon FCS over its single-photon counterpart. Absorption of the laser is localized to the focal 

volume, and as a result, damages, if any, would be confined to a very small volume of the 

sample. This feature of the technique is desirable when working with biological systems, which 

may be more sensitive to photo damage. Another advantage arises from the fact that the emitted 

photons are of lower wavelength than incident ones. For example, an 800 nm photon would 

excite transitions at 400 nm and emission would occur around 500nm. Thus the fluorescence 

emission is well separated from elastically scattered light. Because of this large separation, the 

back scattered light is easy to filter out.  In this thesis work, two-photon FCS is employed and in 

the next paragraph the details of the experimental implementation are presented. 

 Figure 3.2.2 schematically presents the experimental realization of FCS, which is 

employed in this work. FCS experiments were performed by a two-photon excitation of 

fluorescence
106

. A femtosecond Ti-sapphire laser (Mai Tai, Spectra-Physics) generates 800 nm 

wavelength laser pulses of width 100fs at a repetition rate of 80 MHz. The excitation power at 
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the sample was kept less than 1 mW to avoid dye photo bleaching and heating of the sample. The 

power of laser beam was changed with neutral density filters. A Zeiss inverted microscope 

(Axiovert S200TV, Carl Zeiss) served as the optical platform for the experiment. The laser beam 

was passed through an objective lens. In order to obtain better focusing the objective needs be 

back-filled with an expanded beam. However, the laser beam is small (~ 3mm) and hence it 

needs to be expanded. This was achieved with the help of a beam expander, which is placed in 

the laser path before it enters the microscope. Two different objectives were employed, 63X, NA 

0.75, infinity corrected or oil immersion, 100×, NA 1.2. The laser is tightly focused resulting in a 

small excitation volume (~ femtoliter) within the sample solution. Fluorescence emission is 

collected through the same objective and detected by a pair of single-photon counting modules 

(Hamamatsu). The output from the photo multiplier tube (PMT) is recorded and analyzed by an 

integrated FCS data acquisition system (ISS, IL). By employing two PMTs, cross-correlation of 

the signal from the two PMTs could be performed and this helps to reduce detector noise. For 

example, cross-correlation eliminates the effect of afterpulsing. Afterpulsing is a common 

problem encountered in photon counting detectors and causes a peak in the initial time period of 

the auto-correlation function
107,108

.  
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Figure 3.2.2: The schematic of our FCS set-up.1: Sample, 2: #1 microscope cover-slip,3: 

Index Matching liquid, 4:Objective 100X with NA 1.25, 5: Dichroic mirror that reflects 

incident red light but transmits green light emitted by fluorescent dyes,6: Red laser light 

for excitation, 7:Green light from fluorescence emission, 8:Photo multiplier tube.  
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Chapter 4        

INSTRUMENTATION 

In this chapter, I describe the design and construction of the combined AFM/FCS 

platform. The chapter is divided into six sections. In the first section, discussion on the rationale 

behind integrating AFM with FCS is presented. The second section gives the details of design, 

construction and implementation of the newly built AFM, which was successfully integrated 

with an existing custom made FCS setup.  In the next section, I elucidate a novel method to coat 

the end of an optical fiber, which was developed as part of my research
23

. In the fourth section 

the details of calibration of the various parts of the new AFM are presented. In the penultimate 

section, the details of experimental procedures and some of the major challenges are presented. 

In the final section, I present the limitations of the new integrated platform. 

4.1 COMBINING AFM AND FCS 

  AFM can be operated in ambient, liquid or vacuum environments and provides 

high resolution 3D topographical images. In addition, local mechanical properties can be 

obtained. Because of its applicability to imaging in liquids, AFM has become very popular in 

soft-condensed matter and biological applications. However, AFM also has its limitations: The 

maximum image size is limited to about 100 micrometers, it is difficult to identify different 

constituents of a surface apart from their topographical shape, and AFM is a surface sensitive 

technique and can therefore not provide images of the inside of an object such as a cell. 

Furthermore, the time resolution of AFM is limited to a few milliseconds. It is therefore 

desirable to combine AFM with other techniques, notably fluorescence microscopy to extend the 
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utility of AFM.  Integrated platforms of AFM and inverted optical microscopes are being 

manufactured commercially (JPK, Asylum, and Nanosurf) and are becoming a powerful and 

popular tool for applications in life science research. In addition to simple optical microscopy, 

other optical techniques like confocal imaging, Raman spectroscopy and fluorescence 

spectroscopy/imaging have been integrated with AFM. A number of groups 
7-11

 have used 

combined AFM and FCS platforms to investigate various systems. Burns et al used FCS to 

investigate the dynamics of domains in a model membrane and correlated them with the AFM 

topography measurements. Chiantia et al have reported several studies on the mobility and 

organization of domains in liquid membranes. Recently, our group in collaboration with Dr. 

Mukhopadhyay‟s group has employed a combination of highly sensitive AFM and FCS 

techniques to investigate a confined fluid formed by tetrakis-2 ethylhexoxy-silane (TEHOS)
4
. 

Periodic oscillations of the stiffness (with a period close to TEHOS molecular dimension) and 

the damping coefficient were reported, which indicated ordering of TEHOS upon confinement. 

FCS measurements performed on thin TEHOS films (deposited by dip-coating) showed that the 

diffusion within the films slowed 10-fold from that of the bulk TEHOS. This observation 

supported the view that the liquid at the solid interface may have structure different from that in 

bulk. However, in this study, AFM and FCS measurements were performed independently. It 

should be possible, however, to integrate AFM and FCS to perform simultaneous measurements, 

as has been done in the case of the Surface Force Apparatus (SFA), which was successfully 

integrated with FCS earlier by Dr. Mukhopadhyay
16

.  

The integrated platform of SFA and FCS combined surface force measurements and 

friction studies, performed by SFA, with measurements of translational diffusion, performed by 

FCS. Orders of magnitude reduction in the diffusion was observed when fluid was confined by 
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the SFA apparatus, and the diffusion was found be heterogeneous in nature. In addition, 

experiments to contrast the diffusion rate of confined fluid during shear and at rest were 

performed
21,109,110

. Relative to the diffusion at rest, an increase (2-5 times) in the diffusion was 

observed under shear. However, there were limitations to the use of SFA in these measurements. 

First and foremost, there was instrumental instability due to the large contact area, which caused 

large attractive forces. This instability created difficulties in systematically varying the thickness 

of confinement. Due to smaller contact area, AFM has higher mechanical stability. In addition, 

the geometry of confinement can be varied by employing tips of different geometry since the tip 

will be used as one of the confining surface. Thus it is advantageous to integrate AFM with FCS 

for studies of the dynamics of confined fluid and soft matter systems. 

4.2 DESIGN, CONSTRUCTION, AND IMPLEMENTATION  

In this section, the various aspects pertaining to the construction and integration of a new 

AFM with an existing custom-made inverted geometry FCS are presented. The basic design 

principle of the new AFM follows the design of a novel high sensitive small amplitude- AFM 

(SA-AFM) that was previously built in our group
1,19

. The SA-AFM is a dynamic AFM technique 

employing amplitude modulation. In such a mode a cantilever is vibrated at a constant frequency, 

and the changes in amplitude and/or phase are measured with a lock-in amplifier. The SA-AFM 

is based on what we would like to call the four „S‟: Small amplitude, stiff levers, sub-resonance 

and high-sensitivity. The tip-substrate measurements are linearized due to the very small 

amplitudes (sub-Angstrom) with which the AFM cantilever is vibrated. By employing 

sufficiently stiff cantilevers (at least twice interaction stiffness) the AFM has better signal to 

noise ratio, and simultaneously diminishes the instabilities, which are due to the fact that low 

stiffness levers cannot resist force regimes with attractive force gradients exceeding the tip 
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stiffness. Sub-resonance (less than one-eighth of resonance sufficient for best results) operation 

makes the measurement quasi-static and data interpretation straight-forward. In order for the 

AFM to satisfy the three „S‟ it requires high sensitivity. A fiber based interferometric detection 

system is used for this purpose. 

 The optical cavity in the fiber interferometer is formed by a small gap (a few microns) 

between the end of a fiber, and the top of AFM cantilever. In order to enhance the sensitivity the 

fiber end is coated with partially reflective thin film. To obtain maximum sensitivity of the 

detector, the fiber has to be aligned as close and as perpendicular as possible to the cantilever. 

The alignment of the fiber is made with the help of a 5-axis (3 translations and 2 rotations) 

inertial slider assembly, which is the heart of the detector system. The assembly works on the 

inertial principle and employs stacks of shear piezos to provide motion, and screw-mounted 

magnets to provide the required normal/contact force. The fiber is mounted on a slider, which is 

the moving part of the assembly. The forward motion of the slider occurs when voltage ramp is 

applied to the piezo stacks. Upon reaching the peak value, the voltage is reduced to zero fast, and 

due to inertia the slider does not move back with the piezo. Details of the architecture, electrical 

connectivity and operation of the assembly of our previously built SA-AFM can be found in    

Dr. George Matei‟s PhD thesis
1
.  

While our previous home-built AFM was a standalone unit, our new AFM is integrated with 

an existing Zeiss inverted microscope. The new AFM design is modular in nature, which enables 

us to easily change the sample as well as the AFM cantilevers. In addition, standalone FCS 

experiments can be performed simply by removing the AFM module. Even though the main 

design of this new AFM is similar to the instrument previously built in our group, the new  AFM 

has significant differences. These differences are necessary for the smooth integration of the 
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AFM onto the inverted optical microscope. For example, in the previous AFM, the tip and fiber 

positioned were stationary, and the sample was scanned in X, Y and Z. However, in an AFM 

mounted on top of an optical microscope, the fine approach has to be applied to the tip, and 

therefore, in our fiber-optic based system, the tip holder, as well as the fiber positioner need to be 

attached to a piezoelectric tube. This is a rather heavy assembly, and it is not a good idea to scan 

this heavy assembly in all three dimensions. It is therefore better to decouple Z from X and Y. 

Keeping this in mind, the following lists the differences between our previous AFM design and 

the new design described in this thesis: 

 

1) The vertical and lateral scanning actuators are decoupled. It removes the „bowing‟ artifact 

that results from bending of tube piezo that are employed in coupled systems. In addition, 

the design becomes relatively straightforward. The vertical scanner which consists of a 

tube piezo (ID 1”) moves not only the AFM cantilever, but also the fiber-optical 

interferometer assembly, including the fiber slider. The vertical scanner is used for fine 

approach. Since both the cantilever and the fiber positioner are attached to the fine 

approach piezo, the fine approach of the tip can be achieved without loss of fiber 

alignment. The vertical scanner is also used to maintain a constant distance, or to move 

according to a programmed vertical ramp for force-distance measurements.  

 

2) A closed loop scanning stage (from Physik Instrumente) is used for lateral (XY) motion 

of the sample and provides the coarse approach toward the tip. 
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Another difference is a new process developed for coating the end of the optical fiber (to 

enhance its reflectivity). Previously, the fiber was coated (by thermal evaporation or by 

sputtering) with Si with a thin layer protective gold coating. This was cumbersome and time-

intensive, as well as expensive (use of gold). Instead, TiO2 was tried as a new coating. A new 

process employing metal-oxide-decomposition (MOD) technique to obtain a thin film TiO2  

coating was developed. The novel method that was developed to coat the fiber end, and the 

working principle of the interferometer are presented in the next section. In addition to these  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.1: Combined AFM-FCS Schematics. The schematic illustrates the modular 

nature of our design. The AFM on the top can be easily removed to change samples and or 

cantilevers without disturbing the optical stage. 
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major differences, there are a few minor changes in the design and implementation that were  

made in order to facilitate the integration with FCS setup, which we will discuss in more detail 

below.  With the exceptions of few small parts, all the machining was done by either WSU 

science store machine shop or by Apollo E.D.M Company, Fraser, MI. 

 

4.2.1 COMBINING AFM WITH INVERTED MICROSCOPE  

  Our AFM is designed in a modular architecture so that it can be easily mounted 

on top of an inverted microscope. Apart from the geometry of the microscope, there are 

additional constrains imposed on the design due to the presence of the fiber interferometric 

detection system used in the AFM.  Therefore, the vertical (z) motion was decoupled from the 

lateral motion. In addition, cantilever assembly and fiber slider assembly were integrated with 

the tube piezo that performs the z-scan. All the three components along with the stainless steel 

fixture form the head of the AFM (Figure 4.2.1.1). A heavy (~ 45 lbs) 2-axis manual translation 

stage forms the base of the AFM (4.2.1.2). The AFM head is placed on top of a stainless base 

plate, which is screwed to the base.  

The close-up photographs of the AFM and the base are shown in Figure 4.2.1.2. Three 

micrometer screws (# 3 in Figure 4.2.1.2a), each with a spherical bottom, form the legs of the 

head and rest on the base-plate. Two of the screws contact the base-plate via two pairs of small 

parallel half- cylinders with a small spacing, rigidly pressed into the base-plate, and the third 

screw contacts the base-plate via a set of three hemispheres that are protruding on top of the 

base-plates. The sizes of the cylinders, the gaps and spheres are chosen to match with the size of 

the spherical bottom of the micrometer screws. The two sets of cylinders are arranged 

perpendicular. The weight of the AFM head provided the sufficient force to rigidly couple the 
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AFM to the base, and the protrusions geometry maintains mechanical stability in the lateral 

direction. In Figure 4.2.1.2b a photograph of the base of the AFM is presented, in which the 

protrusions are indicated by circular markers. Machining of the groves for cylinders and spheres 

were performed by wire electrical discharge machining process (Apollo E.D.M.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.1.1:  (a) Photograph of the entire AFM/FCS setup; (b) Close up of the bottom of 

AFM head: 1- Stainless steel body, 2- Microscope objective and 3- Cantilever holder; (c) 

Schematic of the various active components of the head: 1-Fiber used for AFM 

measurements, 1a- Additional fiber for independent tip-substrate distance monitoring (not 

present currently, can be incorporated in future), 2- Tube piezo for vertical motion, 3- 

Magnet providing the contact force for the small slider, 4- Piezo stack, and 5- L shaped 

large slider, 6-Ruby ball, 7- Small slider, 8- Fiber piezo and 9- Cantilever. 
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Figure 4.2.1.2: (a) Photograph of major parts of AFM mounted on the base: 1- LED 

lighting for microscope usage, 2- Fiber for AFM measurements, 3- Micrometer screws that 

forms the legs of AFM, 4- Stainless steel base-plate, and 5- Base of AF; (b) Photograph of 

the AFM base: 1- sample plate, 2- Micrometer calipers for translation and the circular 

markers indicate the protrusions. 
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The base plate is made up of stainless steel and serves two purposes. It is used for 

attaching the closed-loop scanner (Physikinstrumente) and for placing the AFM head. The 

closed-loop scanner holds a stainless steel sample plate, which is attached to the scanner by four 

screws. The entire assembly is attached to the bottom side of the plate, which has a grove that 

matches the dimension of the scanner. In Figure 4.2.1.3 a photograph of the scanner and the 

drawing of the base plate along with the sample plate are shown. The base-plate and sample plate 

were machined in the WSU machine shop.  

 

 

 

 

 

 

 

 

 

Figure 4.2.1.3: (a) Photograph of sample plate fixed to the scanner: 1- Sample plate and    

2- Scanner; (b) Drawing of base-plate and sample plate: 1- Grove to fix scanner. 

 

  The AFM head is made from stainless steel; a 3D rendering is presented in Figure 

4.2.1.4. It has a through hole to house the vertical piezoelectric scanner and a slot on the bottom 

side to house the slider and cantilever holder assemblies. In addition, three through holes are 

present wherein brass bushings are press fit. These bushing are tapped and hold the micrometer 



41 

 

 

screws (Thor Labs). The micrometer screws are used for fine controlled motion of the entire 

head in the vertical direction. 

 

 

 

 

 

 

 

Figure 4.2.1.4: Drawing of the AFM head. Top view (left) and side bottom view (right):        

1- Through hole for tube piezo, 2- Slot to house slider and cantilever assembly and 3- Holes 

for micrometer screws. 

  As mentioned earlier, in the AFM the slider and cantilever are rigidly coupled 

(with epoxy) to tube piezo on one end (bottom). The other end of the tube is rigidly fixed on the 

top AFM head. When voltage is applied to the piezo the tube expands or contracts depending on 

the sign of the voltage. A new cantilever holder assembly - very different from previous AFM - 

was designed. In the previous AFM the slider and cantilever holder were decoupled from one 

another and hence that design was not suitable for the new AFM, in which the cantilever and 

fiber need to be moved together to maintain fiber alignment. In Figure 4.2.1.5, a photograph of 

the bottom side of the AFM (a) and a drawing of the cantilever holder assembly (b) are 

presented. In addition to the geometry, insulation materials used as spacers in the holder 

assembly are different compared to the previous AFM. In the new cantilever holder, glass and 

1
2

3
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sapphire are used in the place of macor. A thin sheet of sapphire was used in-between the steel 

base and one side of the piezo element. A glass cylinder was used in-between the spring clip and 

other side of the piezo element (Figure 4.2.1.5a). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.1.5: (a) Photograph of bottom of the AFM head: 1- Spring clip that holds the 

cantilever, 2- Glass spacer, 3- Cantilever holder assembly, 4- Tube piezo for vertical 

motion, 5- Micrometer screws (legs) and PCB for electrical connection is shown by the 

white ellipse; (b) Drawing of cantilever holder  assembly: 1- Steel base where piezo stack, 

spacers and spring clip are glued (epoxy; (c) Drawing of fiber sliders: 1- Small slider to 

which the fiber piezo is attached, is made from stainless steel, 2- with piezo stacks (blue & 

green); (c) Drawing of large slider showing the slots that to restrict its motion. 
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Unlike the cantilever holder assembly, the overall design of slider assembly is similar to 

that of the previously built slider assembly. However, some significant improvements were made 

in the implementation. The slider assembly has two sliding pieces, which are shown in Figure 

4.2.1.5. The sliders are held in place with help of magnets, similar to the previous assembly. 

However, neodymium based stronger and smaller magnets were employed in the new assembly. 

The magnets supply the needed contact force for slider operation. The larger „L‟ shaped piece is 

made from aluminum, and the smaller piece (#1 in Figure 4.2.1.5c) is made from magnetic 

stainless piece. In the previous assembly both the sliders were made from aluminum. Using 

magnetic material provides a stronger magnetic field and improves the stability of the slider 

assembly. Due to weight consideration the large slider was made using aluminum. Another 

improvement was the introduction of slots in the sliders. These slots restrict the motion of the 

sliders, and thus the slider is prevented from falling out during alignment.  

4.3 A NOVEL METHOD TO COAT AN OPTICAL FIBER END 

 In the new AFM, we employed an interferometric detection system, which was 

required in the experiments to measure very low signals. In Figure 4.3.1 the interferometer 

principle is schematically illustrated. In fiber based interferometers, 
19,27,111

 a perfectly cleaved 

end of the fiber serves as the reference mirror while another reflecting surface, whose 

displacement is to be measured, serves as the second mirror. However, the air-glass interface of a 

freshly cleaved fiber has only ~ 3% to 4% reflectivity. Because of this low reflectivity, most of 

the light exits the fiber and, if not scattered, re-enters the fiber to interfere with the very small 

amount of light that was reflected internally. Thus, interference is incomplete, leading to only 

small changes in intensity as a function of mirror spacing. As very little light is reflected again 
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by the fiber end, multiple reflections that would improve resolution do not occur. The reflectivity 

of the fiber end can be increased by coating it with a partially reflecting thin film. This way the 

reflectivity can be tuned to more internal reflection, such that the intensity of the light re-entering 

the fiber matches the intensity of the internally reflected light. This leads to better finesse of the 

interferometer cavity.  In addition, the higher reflectivity allows for multiple reflections, which 

improves the finesse even further. The optimal value for the reflectivity depends on scattering 

and absorption in the film, and typically ranges from 15 – 30% in our experience. The improved 

finesse improves the distance resolution of the fiber-optic interferometer. 

 

 

 

 

 

 

Figure 4.3.1: Interferometric detection system schematic 

 

In the past, we have used thermally evaporated Si with a protective Au thin film
19

. With 

the protective Au film, which prevents oxidation of Si, the fibers coated with Si were very stable 

in ambient and vacuum conditions. However, for applications involving a liquid environment 
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one requires a robust and stable coating. In gold coated fibers, water can penetrate to the 

underlying silicon through fine cracks or pores in the protecting film. We found that the coating 

peels off after a few hours when immersed in water due to loss of adhesion. It should be noted 

that in order to increase the adhesion of Au on Si a thin layer of Cr could be used. However, such 

application of multiple layers complicates deposition procedures and introduces multiple 

reflections and absorption from several interfaces. Metal coatings, such as Au and Cr, absorb in 

the infrared (we are using a 1310 nm laser). We found that TiO2 may provide a better choice as 

the optical reflectivity of TiO2 is similar to that of Si in the wavelength range we employ, it does 

not absorb in the infrared, and as an oxide it is not prone to undergo further oxidation in liquids. 

Liquid H2O  OMCTS 0.5 M NaCl 0.2 M PBS 0.1 M TRIS HCl 

Reflectivity 13.5 % 13.2 % 15.3 % 15.4 % 16.5% 

 

Table 4.3.1: List of liquids in which the fiber was immersed for 24 hours to test for it 

robustness. The shown reflectivities did not change during entire duration of the 

immersion time. 

 

The quality and robustness of TiO2 coated fibers were tested by immersing them in 

various liquids (Table 4.3.1) while their reflectivity was monitored. Unlike the Au/Si coated 

fibers, the TiO2 coated fibers showed no change in the reflectivity even for prolonged immersion 

(24 hours). Conventional physical vapor deposition techniques such as thermal evaporation or 

sputter deposition techniques are typically used to deposit these thin film coatings. However, for 

good results, the fiber needs to be completely stripped along a significant length (more than a 

foot) before placing into the vacuum chamber. Otherwise, outgassing from the plastic coating 
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will lead to poor results. Such long sections of unprotected fiber are very fragile. In addition, 

high vacuum deposition techniques make the mounting (and removal) of the fiber into the 

deposition chamber cumbersome and time-consuming. For the TiO2 coating described here, the 

fiber needs to be only stripped enough to allow for mounting into the fiber cleaver, i.e. only 

about 1 inch. The new technique, presented in this paper, does not require vacuum to coat the 

end of a single fiber. Instead by using metal-organic decomposition (MOD) technique
112,113

, we 

can coat a fiber in just a few minutes versus hours of preparation and mounting required in the 

case of vacuum based techniques. Moreover, as we will show, the TiO2 coated fiber yield 

excellent sensitivity for interferometric applications and are more stable in liquids than vacuum 

coated fibers. The stability in liquids, resulting high optical finesse and quick turnaround time 

make this coating method an attractive technique for high demand situations, such as 

measurements in aqueous systems. The experimental details are presented in the next paragraph. 

 

 

 

 

 

 

Figure 4.3.2: Optical image of a perpendicularly cleaved fiber with 3% reflectivity. The top 

edge of the image shows the fractured region (caused by cleaver) in the cladding (diameter 

125 μm). 
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A single mode optical fiber (AF/AF-S01, Metrotek) with 9 μm core and 125 μm cladding 

was used in these studies. First the end of the fiber was stripped off the mechanical protective 

layers using stripping tools (Clauss Fiber Optic stripper CFS-2 and 175 μm, Metrotek). The bare 

fiber was then cleaved using a specialized cleaver (Fujikura CT-20 High Precision cleaver, 

Metrotek)
 
which gives approximately 3% of reflectivity for 1310 nm IR. Figure 4.3.2 shows an 

optical microscopy image of the cleaved, clean fiber. After cleaving, a thin film of TiO2 was 

coated by dip coating into a metal-organic precursor. Metal organic decomposition (MOD) is one 

of the commonly employed thin-film deposition technique for metal oxides
112,113

. In this method 

a suitable organic precursor containing the metal of interest is applied on the substrate (either by 

dip or spin coating) and then the substrate is baked at high temperature. During this annealing 

process organics decompose and the oxides of the metals form a uniform thin film on the 

substrate. The thickness of the film can be varied by controlling the concentration of the 

precursor as well by carrying out multiple coating. However, for my applications, since the 

thickness of the coating required is typically few tens of nanometer, I employed a single dip 

coating method. An optimized concentration of titanium-(IV)-2-ethylhexoxide (8.5 wt % of Ti; 

Alfa Aesar) diluted in Xylene was used as the precursor. Typically five times dilution of the 

stock solution gave consistent results. The cleaved fiber end (~ few mm) was dipped in the 

precursor solution and then fired to high temperature by a propane torch light. Only the very end 

of the fiber (~1 mm) was introduced into a flash at 700 
o
C for about a second and then retracted. 

The optimal flashing time was determined by trial and error based on subsequent 

characterization and optical measurements, as described below. The rapid flash annealing 

decomposes the organics, while also preventing any damage to the fiber due to the long exposure 

to high temperature. The annealing procedure is also advantageous as it leads to highly 
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crystalline phase of TiO2 coating compared to the amorphous films obtained by the physical 

vapor deposition techniques, where deposition is carried out at ambient temperature. During the 

coating and annealing process the reflectivity of the fiber end was monitored using a signal 

photodiode. I also studied the quality and stability of the TiO2 thin film coated fiber for its 

application in the interferometer employed in air and liquid environment. The surface 

morphology of the fiber end before and after coating was studied by optical and scanning 

electron microscopes. To check the crystalline quality of the coated films micro-Raman 

spectroscopy was performed.  The details of the results obtained from various characterization 

techniques employed are presented in the following paragraphs.  

  The reflectivity of the fiber was monitored while the fiber end was dip-coated with the 

precursor and also during the rapid annealing process. The 3% reflectivity of the bare tip did not 

change significantly when dip coated with the precursor. However, as the fiber end was 

introduced into the flame for annealing, a rapid increase in the reflectivity was observed. The 

fiber was retracted as soon as the reflectivity increased to 15 to 25 %, typically no longer than 1 

second. Longer exposure of the fiber in the flame led to curling or cracking, thereby damaging 

the fiber irreversibly (requiring re-cleaving of the fiber). Though there was no optimal control of 

getting a specific reflectivity for these fibers by this process, the resulting reflectivities in the 

range of 15 to 25% are well suited for measurements carried out in liquid or air environment. 

The obtained reflectivity depended on the concentration and viscosity of the precursor. For 

higher concentration and viscous solutions, the dip-coated fiber had a large droplet at the end of 

the fiber, which leads to a non-uniform film and very rough or cracked surfaces during annealing 

process. As an example, I show the optical microscope image of the two fiber tips with 22% and 

8% reflectivity after annealing (Figure 4.3.3). The former was coated using a dilute solution, and 
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the latter was coated using a viscous solution. The fiber with higher reflectivity had smooth and 

uniform thin film coating. On the other hand, the fiber with low reflectivity had very non-

uniform thick surface. The SEM micrograph of the uniformly coated tip is shown in Figure 

4.3.4a. A magnified image from the center region is shown in Figure 4.3.4b showing highly 

crystalline grains of TiO2.  

 

 

 

 

 

 

Figure 4.3.3: Optical image of a MOD coated fiber end. (a) Uniform coating resulting in    

R = 22% (b) Non-uniform coating resulting in R = 8%. 
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Figure 4.3.4: SEM micrograph of (a) Uniformly coated fiber end with R=22% (b) A 

magnified image from the center of the fiber end in (a) shows the TiO2 grains. Note that the 

dark patch in the center of a & b is due to the damage from repeated scanning at higher 

magnification. 

 

To understand the structural quality of the film, we carried out micro-Raman 

spectroscopy using 514.5 nm (2.41 eV) excitation line from an Ar
+
 ion laser. Figure 4.3.5 shows 

Raman spectra of bare, non-uniformly coated, and uniformly coated fiber ends. The Raman 

spectra of non-uniformly coated films showed major anatase phase with some rutile phase in 

regions of heterogeneous coverage. In contrast, the uniformly coated film showed only rutile 

phase of TiO2. Of the several coatings we carried out by this method, the uniformly coated tips 

with high reflectivity (>12%) always showed homogeneous phase of rutile TiO2.  
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Figure 4.3.5: Raman spectrum of uncoated (black) and coated fibers (red and blue).      

Red: non-uniformly coated fiber showing anatase phase; Blue: uniformly coated fiber 

showing rutile phase. The spectra are shifted along the y-axis for clarity. 

 

The coated fibers were then optically tested to check if they were suitable for use in the 

interferometer. The fiber was mounted on a home-built fiber optic based interferometric testing 

system
7
. The schematic of the interferometer is shown in Figure 4.3.6a. Using this setup, fibers 

as well as cantilevers can be tested. In this setup, the optical fiber is glued to a piezo tube, which 

in turn is attached rigidly to a 5-axis inertial slider (Figure 4.3.6b). The slider is used to align the 
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fiber perpendicular to a mirror or backside (that has a reflecting coating) of a cantilever, thereby 

forming an optical cavity between the two. In order to test either the fiber or the cantilever, the 

interference pattern formed between the light rays reflected from either side of the optical cavity 

is observed. During the testing, the position of the fiber end and thus the size of the optical cavity 

is changed periodically by applying an AC voltage to the piezo tube, which extends and contracts 

the piezo tube. A plot of light intensity reflected back into the signal photodiode versus fiber 

position (or piezo voltage) provides the continuously measured interference pattern. The photo-

current generated by the photodiode is converted to voltage and then that voltage is amplified 

with variable gain up to a maximum of 80 times (set by the user). By observing the changes in 

the interference pattern due to the changes in the optical cavity size, one can ascertain the quality 

of the reflecting surfaces (either the fiber or the mirror). From the interference pattern the 

sensitivity (in V/Å) defined as the voltage (obtained after amplification) per Å change in the 

distance of the optical cavity, can be determined. For a perfectly cleaved fiber, which has 

reflectivity of about 4%, sensitivity of 15mV/Å was obtained. The MOD coated fibers gave high 

sensitivity (~130 mV/Å) without any increase in the noise level.  In both cases the same mirror 

(sputter-coated Al on glass) was employed. Such high sensitivity allows us to measure dynamic 

displacements of less than 0.01 nm above the noise floor using lock-in detection.  

 

Through this work we have successfully demonstrated a new application of MOD, a well-

known method in solid-state thin film technology. The thin film coating at the end of an optical 

fiber using the MOD technique was found to be of good quality to be employed for high 

resolution fiber-optic interferometry. This method is fast and easy in comparison with other 
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physical vapor deposition methods, namely evaporation or sputter deposition, which can be 

cumbersome and expensive.  

 

 

 

 

 

 

 

Fig. 4.3.6: Interferometric testing system. (a) Schematic (b) Actual. 

 

4.4 CALIBRATIONS 

 Proper calibrations were performed for the motion generated by various piezo elements 

of the new AFM. In this section, the method and results of the different calibrations are 

presented. First, the calibration of the fiber piezo, which is needed to obtain quantitatively 

correct interference pattern, was performed by perpendicularly aligning the fiber to a front 

reflecting mirror (securely placed in the cantilever holder) made from coating a thin film of Au 

or Al on a piece of mica (diameter ~ 1.5 cm). In order to perform the calibration a well defined 

triangular wave of frequency 2 Hz, and amplitude ~ 180V was applied to the fiber piezo. This 

resulted in periodically varying the distance between the tip of the fiber and the mirror, and thus 
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in an interference pattern observed on the computer or on an oscilloscope. From the interference 

pattern the piezo calibration factor (in units of Å/V) was determined from equating the distance 

(in V) between two consecutive peaks to half the wavelength of the laser light used. The 

wavelength of the laser used was 1310 nm. In figure 4.4.1, typical plots related to calibration 

factor of the piezo are shown. 

 

 

  

 

 

 

 

 

 

 

Figure 4.4.1: Fiber piezo calibration. (a) Photo diode (PD) output monitored in time upon 

driving the fiber piezo with a ramp; (b) PD output vs ramp voltage to obtain fiber piezo 

calibration constant by equating the peak to peak separation to λ/2, where λ =1310 nm is 

the wavelength of laser used in the interferometric detection system. 

 

Next a similar procedure was used to calibrate the vertical scan piezo, which is used to 

move the cantilever of the AFM towards the sample. In the case of the vertical scanner, a mirror 

was placed on the sample cell and the fiber was aligned to it in the absence of any cantilever. 

Then the above mentioned triangular wave was applied to the piezo and the calibration factor 
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was determined. In Figure 4.4.2, the graphs corresponding to the vertical scanner calibration are 

presented. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.2: Calibration of vertical scan piezo. (a) Photo diode (PD) output monitored in 

time upon driving the fiber piezo with a ramp; (b) PD output vs ramp voltage to obtain 

fiber piezo calibration constant by equating the peak to peak separation to λ/2, where λ 

=1310nm is the wavelength of laser used in the interferometric detection system. 

  

Finally, the dither piezo, which vibrates the cantilever for amplitude modulation 

measurements of the interaction stiffness, needs to be calibrated. The calibration factor was 

obtained by varying the voltage applied (from the output of a lock-in amplifier) to the dither 

piezo and measuring the corresponding free amplitude of the cantilever. To measure the 

cantilever amplitude the fiber is first aligned, and the interferometer is locked at the quadrature 
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point, where the interference pattern has maximum slope. To obtain the correct value for slope 

(expressed in V/Å) the calibration of fiber piezo mentioned is essential. The signal from 

interferometer is fed to lock-in to measure the voltage at the oscillation frequency. Dividing the 

voltage by the slope we obtain the amplitude of the cantilever vibration.  The graph of amplitude 

versus voltage is linear and the slope of the line gives the calibration (see Figure 4.4.3).  The 

frequency response of the cantilever and the cantilever holder assembly is determined from 

varying the frequency of the sine wave (from lock-in), which is presented in Figure 4.4.4. Such a 

response function is needed to avoid any instrumental resonances while performing AFM 

experiments.  The various peaks seen in the frequency response corresponds to the resonant 

frequency of various parts of the cantilever holder assembly. 

 

 

 

 

 

 

 

Figure 4.4.3: Dither piezo calibration. As a function of drive voltage, the piezo response 

with error bars (square) along with a linear fit (line) are plotted. 
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Figure 4.4.4: Frequency response of the cantilever holder assembly. For a fixed drive 

amplitude of 300 mV, the response of the cantilever measured as a function of oscillation 

frequency of the dither piezo. Data was obtained for both water (square) and in air (circle). 

Various peaks in plot correspond to the natural frequency of the different parts of the 

cantilever holder assembly. While performing SA-AFM, care should be taken to avoid any 

of the peaks. 
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4.5 CHALLENGES AND EXPERIMENTAL PROCEDURES 

4.5.1 CHALLENGES  

Some challenges were encountered during the design, implementation and 

experimentation with the new integrated platform. Most of these issues were successfully solved. 

Few major challenges that were solved are: 

1) Rigid coupling of AFM with the FCS microscope 

2) Visualization of AFM tip, and its alignment with FCS laser focus 

3) Course and fine approaches of AFM cantilever towards the substrate 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.1:  Picture of the AFM/FCS platform with all the accessories mounted just 

before the start of any experiment. 
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In order to rigidly couple AFM with the microscope, a new platform was used in the 

place of the microscope‟s sample stage. The platform was made from ¼” aluminum with a center 

hole (~10” diameter) for the microscope objective to pass through. The platform was rigidly 

screwed to the body of microscope. The two-axis manual translation station that forms the base 

of the AFM is rigidly mounted on top of the plate. The head of the AFM and the sample stage 

are rigidly coupled to the base by a 1‟‟ thick stainless steel base plate (Figure 4.2.1.2), as 

described above.  Due to this arrangement an objective extender was employed in order to  

increase the height of the objective to reach the object plane.  

Visualization and alignment of AFM cantilever was achieved with the help of an external 

LED based light source that was placed on the plate. The position and orientation of illumination 

was optimized by trial and error. A CCD camera (#2) mounted for a sideways view of the AFM 

cantilever aided in visualization and alignment of the tip. The three micrometer screws, which 

form legs of the AFM head, are used to bring AFM cantilever close. The CCD camera was also 

used to bring the AFM cantilever close (within a distance of hundreds of microns) to the 

substrate by observing the cantilever and its image reflected from the substrate, which is made of 

either mica or glass. Once the cantilever is brought close to the sample, the lateral position was 

changed to make it visible through the inverted microscope. At this stage the sample liquid is 

introduced and the AFM cantilever was further lowered slowing and gently while observing the 

interference pattern from the fiber for deviation from the stable sinusoidal pattern. The moment 

the tip contacts the substrate the interference pattern will be distorted.  When this happens, the 

AFM cantilever will be raised by turning back the micrometer screw by a very small amount 

(less ¼ turn). From this point onwards the closed loop stage can be used to move the substrate up 

and down in a well defined and controlled manner. The stage has a vertical range of 10 microns. 
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To bring the tip-substrate distance within the range, the above action may have to be iterated few 

times.  

4.5.2 PROCEDURE  

  Due to the modular nature of the design, initial preparation of AFM and FCS 

setups can be performed independently. The preparation of FCS platform involves the following 

steps: 

1) Disassembling the microscope stage. 

2) Assembling the stage which houses the AFM setup. 

3) Rigidly mounting the base of the AFM (needs care while handling since it‟s a heavy 

piece). 

4) Adding the extender to the microscope objective and mounting it on the microscope 

(make sure that the top of the objective is below the closed loop scanner). 

5) Rigidly mounting the sample plate onto the scanner. 

 

In order to reduce the use of the FCS laser, it can be turned on only after completing the 

mounting of the AFM head on the base-plate. When not in use, the AFM head is placed on a 

stand in the inverted position, which gives easy access to the cantilever holder and slider 

assembly. Initial preparation of AFM is performed in the inverted position and it involves the 

following steps: 

1) Mounting the appropriate cantilever chip (tip facing up) near the center of the spring clip 

(before mounting make sure that the fiber is moved as for as possible away and down 

from the clip). 
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2) Aligning the fiber to the cantilever with the help of a joystick and CCD camera until a 

satisfactory interference pattern is obtained.  

3) Disconnecting the electrical connection to the head after alignment and placing the head 

on the base-plate (this is very critical step, and utmost care needs to be taken in order not 

to damage the fiber or cantilever, or at least knocking it out of alignment). 

4) If need be, realigning the fiber to get satisfactory interference pattern. 

5) Lowering of the head with help of micrometer screws such that the cantilever and its 

reflection from the substrate overlap (needs to be done slowly and carefully to avoid 

crashing the tip and/or fiber onto the substrate). 

6) Visualization of the cantilever through the microscope and positioning (with help of the 

translation stage) the cantilever tip near the center of the field of view. 

 

Once the cantilever is positioned near the center and the fiber alignment is satisfactory, the 

instrument is ready for the introduction of the sample (liquid). Using a pipette (200 µl at a time) 

the sample is injected slowly and steadily from the side.  After injecting 200 µl check for the 

interference pattern and for the position of the cantilever in the eye piece and realign if needed. 

Once realigned continue to inject more liquid. Repeat the process until the entire sample cell is 

filled with the liquid. After this point, the AFM head is lowered again very slowly (~ ¼ turn at a 

time) while simultaneously monitoring the interference pattern for any deviation from a 

sinusoidal pattern. After few turns if there are no deviations, check for the position of the 

cantilever in the microscope and if need be reposition. Repeat the process until the cantilever 

barely touches the substrate, at which point the interference pattern will get distorted (it typically 

becomes flattened on the top). Once that point is reached, immediately lift the head up slowly by 
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turning the screw in the opposite direction, ~ ½ turn. Now the tip-substrate distance will be 

approximately within the vertical range (10 µm) of the closed loop scanner. Repeat the process 

to bring the tip exactly within the range. Realign the fiber to maximize the sensitivity. Once the 

tip-substrate distance is within 10 microns, the closed loop scanner can be used to change the 

distances. A LabVIEW routine (National Instruments) is used to operate the electronics that 

control the scanner. The distance to move and the speed of motion is keyed in by the user, and 

can be changed at will. 

 

4.6 LIMITATIONS 

  Our new instrument, despite solving several major challenges, has some 

limitations when performing FCS experiments when the tip-substrate distance is less than a few 

microns. The first issue is the inability to obtain clean auto-correlation data, which may be due to 

the increase in the scattered light coming from the AFM colloidal probe. Different materials 

(borosilicate, alumina, quartz) were tried for the spherical tip that forms the colloidal probe to 

decrease scattering. Quartz tips were the most promising, but still the scattering issue persisted. 

We also tried to sputter-coat quartz spheres with other materials like graphite, TiO2, and Al2O3. 

Despite obtaining successfully good quality coatings, the issue of backscatter could not be 

eliminated. The second limitation was an unexpected and fully unexplained artifact that is 

present in the form of oscillations in the auto-correlation. Figure 4.4.1 shows a typical FCS auto-

correlation plot that shows the artifact, which is seen in the form of oscillations in the plot. Such 

oscillations are seen when the laser is focused on the tip or the substrate, or in-between when the 

tip-substrate distance is less than few microns. Before the rigid clamping of AFM and FCS 

stages such oscillations were seen even at larger (tens of microns) separation. In addition, 
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qualitatively similar oscillations are observed in the auto-correlation function when the entire 

optic bench is deliberately set into oscillation, see Figure 4.4.1 (open circle). These oscillations 

occurred at very low frequency (~2 Hz), which corresponds to the resonant frequency of the 

optic bench. We speculate that the oscillations may be due to a relative a motion of laser focus 

with respect to the liquid-substrate interface. Similar oscillations in auto-correlation function are 

also present in scanning-FCS (SFCS), where the laser beam is scanned across the sample
114,115

. 

The focal volume is non-stationary in SFCS, and this result in oscillations in the auto-correlation 

function.  We tried fitting our data with an expression similar to the ones used in SFCS. 

However, the parameters obtained from such fits were not realistic. More investigations are 

needed to identify the source of oscillation, and ways to eliminate them. 
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Figure 4.6.1: Oscillations in FCS data when laser focused near sample-substrate interface. 

High frequency oscillation observed with stationary optic bench (filled circle) and low 

frequency oscillations seen when the optic bench was oscillated at the resonant frequency 

(open circle). 
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Chapter 5        

EXPERIMENTS AND RESULTS 

In this chapter I describe the different experiments that were performed, and their 

respective results. This chapter is divided into three sections. The first two sections pertain to 

nanofluid properties, in bulk and under confinement.  The last section describes preliminary 

experiments and results for an antigen-antibody system. 

 

5.1 BULK DIFFUSION IN NANOFLUIDS 

Nanofluids are colloidal dispersion systems, which consists of particles from 1 to 100 nm 

in size suspended in a base liquid. The term „Nanofluid‟ was first coined for a nanoparticle 

colloidal suspension by Choi in 1995
116-118

. It was originally used in the context of new heat 

transfer fluids that exhibit superior thermal properties compared to conventional heat transfer 

fluids with or without particle suspensions. These nanofluids exhibit some intriguing thermal 

properties 
116-123

: They have anomalously high and strongly temperature dependent thermal 

conductivity. Since heat transfer and mass transfer are analogous, diffusion studies on the 

nanofluids systems have been undertaken by various groups
117,122,124-129

.  However, unlike for 

thermal properties, the results for mass transport measurements obtained by different groups 

have been inconsistent. Some groups have reported an enhancement in diffusional 

motion
122,125,126

. In one experiment more than an order of increase in the diffusion coefficient 

was observed with the addition of a small amount (< 1% by volume) of nanoparticles in an 
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aqueous liquid in comparison with pure liquid
125

.  The results from reference [10] are shown in 

Figure 5.1.1.Other groups, however, have reported very less or no enhancement in diffusion for a 

similar range of volume fraction
127,129,130

.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.1:  Normalized diffusion coeeficients and thermal conductivity of 20nm Al2O3 

nanopartilce based nanofluid from figure 6 of reference [125]. 

 

For example, in reference [129], which employed a novel micro-fluidic approach, the results 

showed no enhancement in diffusion. Figure 5.1.2 and Figure 5.1.3, show the experimental 

approach and results from reference [129]. In most of the studies mentioned above, except 

[8,10], the chemical diffusion coefficient
131

 of a dye dissolved in the nanofluids was measured 

using different optical techniques. In one case the concentration profile of a diffusing dye drop 
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was observed
125,126

, and in another, a novel micro fluidic approach was employed where the 

diffusion of dye from one channel to another was observed
129

. Apart from optical techniques, 

nuclear magnetic resonance (NMR) was utilized to measure self-diffusion coefficient
127,130,131

 in 

nanofluids
127,130

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.1.2: Experimental schematic of a novel micro-fluid approach to measure diffusion  

in nanofluid from Figure 1a of reference [129]. 
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Tracer diffusion
131

 can be considered similar to self-diffusion provided the tracer particles are 

similar to the particles that constitute the medium, and there is no strong interaction between the 

tracer and the surrounding medium. A fluorescent dye or tracer particle is employed in the 

measurement of both chemical and tracer diffusion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.3: Results from the micro-fluid approach from Figure 4a of reference [129]. No 

significant changes in D was noticed (inset table) in the presence of Al2O3 nanoparticle. 
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Due to the presence of a tracer particle in the measurements of both chemical and tracer 

diffusion, sometimes both tracer and chemical diffusion are interchangeably used in literature, 

which is inappropriate. The phenomena behind theses two processes are distinct. Chemical 

diffusion occurs in the presence of a concentration gradient; hence it is essentially a non-

equilibrium phenomenon. Both tracer and self-diffusion take place under thermodynamic 

equilibrium. In this case, the concentration of the tracer is very small, and they are distributed 

uniformly. The diffusion is due to thermal motion (Brownian motion). Thus a direct 

measurement of the tracer diffusion coefficient of a dye in nanofluids will enhance our 

understanding of the mass transfer in nanofluids, because they directly probe local fluctuations 

which cause diffusional transport in the liquid. However, studies on tracer diffusion in nanofluids 

are lacking. In this section, I report direct measurements of tracer diffusion in suspensions of two 

different oxide nanoparticles. Unlike the studies on chemical diffusion, which probe 

predominantly diffusion in the presence of a chemical gradient, the tracer diffusion studies using 

the novel FCS technique probe the Brownian motion of a tracer particle. To the best of our 

knowledge, this is first time fluorescence correlation spectroscopy (FCS) has been applied in this 

area of research.  

Two different nanofluids were studied, each containing a small quantity (~nM) of 

fluorescent dyes. For both systems, a set of different nanoparticle (NP) concentrations were used. 

First we report the results of an aqueous colloidal suspension of silica NP (Ludox TM-50, Sigma 

Aldrich) that contained a small amount of Alexa-488 (Molecular Probes). The second system 

was an aqueous suspension of alumina NP (Sigma Aldrich) with rhodamine-6G. Since both silica 

and alumina are charged (negative and positive, respectively), we used different dyes to prevent 

them from getting adsorbed onto the NPs. If the dyes adsorb to NPs, FCS will probe the 
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diffusion of the NP rather than the dyes. Dynamic light scattering (DLS) measurement showed 

no sign of aggregation of the particles. A typical correlation function shown in Figure 5.1.5a 

fitted well with a single diffusion model. In addition, the particle size distribution shown in 

Figure 5.1.5b, which was obtained from DLS, was unimodal in nature - indicating the absence 

any agglomeration. The size of the NP, estimated from transmission electron microscopy (TEM) 

was found to be consistent with the values provided by the supplier (Figure 5.1.4).  

 

 

 

 

 

 

 

 

 

 

Figure 5.1.4: Size of silica nanoparticle. Histogram of size distribution obtained from TEM 

with mean diameter of 26 nm. The inset shows a representative TEM micrograph with 

20nm scale bar. 

 

The different volume fractions were obtained by diluting the concentrated solution we 

obtained from the manufacturer. The range of volume fractions was chosen similar to the range 
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reported by other groups
125,126,129

. In the case of silica-based nanofluids we performed 

experiments up to a volume fraction of ~ 1.7%. However, in the case of the alumina nanofluid, 

the volume fraction of the solution obtained from the manufacturer was ~ 1%. 

 

 

 

 

 

 

 

 

Figure 5.1.5: DLS measurements; (a) A typical correlation function from DLS, which fitted 

well with single diffusion; (b) Size distribution obtained from DLS measurement (mean 

diameter 24 nm). The average size provided by the manufacturer was 22 nm. 

 

  Both nanofluids showed similar results. A typical normalized autocorrelation, GN (τ), 

curve obtained for Alexa-488 (A488) in pure water and in 0.83 % (by volume) silica nanofluids 

is shown in Figure 5.1.6. The tracer diffusion coefficient (D) for different concentrations was 

obtained by fitting the autocorrelation function with a 2d diffusion equation. For the optical  

setup the length of the laser focus in vertical direction is much more than the width. Hence the 

fluctuation in the intensity is mainly due the lateral diffusion. This was the rationale for using a 

2d model to fit the auto-correlation data. The values of D for different nanoparticle 
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concentrations were very close to the diffusion coefficient (D0=458 µm
2
/s) of A488 in pure water 

(Figure 5.1.7a). 

 

 

 

 

  

 

 

 

 

 

 

Figure 5.1.6: Normalized intensity – intensity auto-correlation function [GN(τ)] of A488 in 

pure water (red triangle) and in 0.83 % (by volume) of silica based nanofluid (green 

triangle). The solid lines were obtained by fitting the respective data with a model for 2d 

diffusion. From the fit we obtain the diffusion coefficient (D) for the dye. A488 in Pure 

Water D= 445 µm
2
/s and in 0.83% silica nanofluid D= 470µm

2
/s. 

 

Figure 5.1.8a shows a typical normalized auto-correlation function for 0.54% alumina 

nanofluid and pure water. Similar to the silica nanofluid, we found that values of D for Rh6G at 

different nanoparticle concentrations were very close to the diffusion coefficient (D0=280 µm
2
/s) 
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in pure water (Figure 5.1.8b). In order to observe dye-nanoparticle complexes, we used A488 

dye with alumina NP based nanofluid since the dye and NPs have opposite charges.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.7: (a) Distribution of measured diffusion coefficients of A488 in silica based 

nanofluid for different volume fractions. The error bars are standard deviation obtained 

from many trials. The dotted line (red) denotes the diffusion coefficient of A488 in pure 

water, which is 458µm
2
/s; (b) Histogram of D obtained from different trials for a nanofluid 

with volume fraction of 0.83%. 
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Figure 5.1.8: (a) Normalized intensity – intensity auto-correlation function of Rh6G in pure 

water (red triangle) and in 0.54 % (by volume) of alumina based nanofluid (green triangle). 

The solid lines were obtained by fitting the respective data with a model for 2d diffusion. 

From the fit we obtain the diffusion coefficient (D) for the dye. Rh6G in Pure Water D= 

280 mm
2
/s and in 0.54% alumina nanofluid D= 268µm

2
/s. (b)The distribution of D of Rh6G 

in silica based nanofluid for different volume fractions. The error bars are standard 

deviation obtained from many trials. The dotted line (red) denotes the diffusion coefficient 

of Rh6G in pure water, which is 280µm
2
/s. 
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Figure 5.1.9: Normalized intensity–intensity auto-correlation function of A488 in pure 

water (red triangle), in 0.83 % (by volume) of silica based nanofluid (green triangle) and in 

0.54% (by volume) alumina-based nanofluid (black circle). As expected, plot clearly 

demonstrated that A488 became adsorbed to alumina particle (opposite charge), while the 

dye freely diffuses in the case of silica particles. This is evident from the shift (towards 

longer time) of the auto-correlation curve for the alumina based nanofluid with respected 

to the silica based nanofluid. D’s for all the three cases are shown in the inset. 

 

As expected, we observed the diffusion of the dye-nanoparticle complex (see Figure 

5.1.9). Moreover, this was the case even after the longest possible averaging time (~45 mins) 

was used, and was observed at different locations. This shows that there were no freely diffusing 

dyes. To compare the two different nanofluids with different dyes, we normalized D by dividing 

by the respective value of the diffusion coefficient, D0, in pure water (280 µm
2
/s for Rh6G; 458 

µm
2
/s for A488). In Figure 5.1.10 we have plotted the ratios, which clearly demonstrate that the 
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results for the two different systems were similar in the range of volume fraction we had 

employed in this study. This trend is consistent with a very recent publication on similar systems, 

which employed a micro-fluidic setup
129

. However, it is not consistent with some earlier reports, 

where an enhancement of the diffusion was observed
122,125,126

. The anomalous enhancement was 

explained on the basis of formation of dye-nanoparticle complex
129

. All the reports on 

determining the diffusion in nanofluids are based on measuring chemical diffusion. In such 

measurements, the formation of dye-nanoparticle complexes cannot be directly observed as the 

measurement is based on observing the spreading of dyes. However, FCS has the specificity, and 

the required sensitivity, to distinguish the diffusion between free dye and the dye-nanoparticle 

complex (Figure 5.1.8) as we have demonstrated in this research. This is rendered possible due 

the large difference (more than an order) between the diffusion of the free dye and the dye-

nanoparticle complex. In our results we do not see any enhancement in the diffusion or the 

presence of the combination of free dyes and dye-nanoparticle complex. If the later was present 

in the system FCS measurements would have clearly shown the two distinctly diffusion species 

since the D for the free dye is an order of magnitude more than the dye-nanoparticle complex. 

However, in our results showed the presence of either free dye or dye-nanoparticle complex, and 

there was no indication for the presence of two different species (Figure 5.1.9). In addition, for 

the nanofluids considered in this study there is no significant contribution on the diffusion from 

sedimentation of the particle due to gravity. The effect of sedimentation, if present, would result 

in superimposing on the random diffusion a drift velocity in the downward direction. The effect 

of sedimentation would come in play for colloidal particles of the order of 1 µm in radius (for 

silica particle in water at room temperature), as calculated from Equation 5, which was obtained 

by equating the thermal energy (kBT) with the gravitational potential energy. 
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Here, g is the acceleration due to gravity; ζ and ζ0 are the density of the colloidal particle 

(radius R) and the fluid in which the particles are suspended, respectively. 

The trend reported here is expected when we consider the fact the volume fraction of the 

NP was too small to change the dynamics of dye. For the volume fraction we used, the excluded 

volume model for the diffusion does not predict any significant change in the diffusion 

coefficient as seen from the equation given below
132

: 

 


5.21

0
D

D           (5.1.2) 

Here, D is the effective diffusion in a concentrated solution with volume fraction Ф, and 

D0 is the diffusion coefficient in ultra dilute solution. Equation 5.1.2 is applicable for rigid 

spherical particles (neutral), with no-slip boundary condition, and when the total volume of the 

particles is small compared to the volume of the medium
132

. The range of volume fractions in our 

study is very small, and not expected to significantly alter the value for D in that range as shown 

in Figure 5.1.10.    

     

 

 

 

 



78 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.10: Distribution of normalized diffusion coefficient (D/D0) as a function of the 

volume fractions. Both silica based nanofluid (squares) and alumina based nanofluid 

(triangles) did not show any significant change in the diffusion coefficient when the volume 

fraction of the NP was increased. For easy comparison, the prediction of the excluded 

volume model is shown (circles).  

 

In this section, I have presented results on the direct measurements of the tracer diffusion 

coefficient of fluorescent dye in different nanofluids using FCS technique. For the two nanofluid 

systems employed in this study there was no effect of sedimentation on the tracer diffusion 

owing to the small size of the nanoparticle. In addition, the colloidal suspension is stable and free 

of any aggregation, which in principle can alter the dynamics of the system. The novel technique 

employed in our study has the required specificity to distinguish the dynamics of free dyes from 
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that of the dye-nanoparticle complex. Unlike the measurement of chemical diffusion, our 

measurements were performed under thermodynamic equilibrium, and hence the Brownian 

motion in the fluid alone is observed. There is no influence of concentration gradient (of tracer) 

on these measurements.  In the volume fraction range used, we did not observe any significant 

change in the tracer diffusion coefficient in the nanofluids, and the value of D was very close that 

of the dye in pure water. Our results indicate that there is no enhancement in the diffusion 

coefficient in the nanofluid. The trend presented in this section is consistence with the prediction 

of the excluded volume model. The trend is consistent with a recent paper in which a novel 

microfluidic approach was employed to study the diffusion in nanofluid 
129

. In this paper, the 

anomalous enhancement observed in earlier works was explained based on possible formation of 

the dye-nanoparticle complex, which was not directly observed in that work. However, despite 

the power of FCS to observe directly the presence of any dye-nanoparticle complex, our results 

showed no indication for the presence of the complex with the free dyes. In addition, we have 

successfully demonstrated for the first time the application of FCS in understanding the 

properties of nanofluids.  

 

5.2 NANOFLUID UNDER MICRO-CONFINEMENT 

 The structure and dynamics of fluids near a solid interface is thought to be different from 

what we would observe in a bulk system
133

. Studies performed on a wide range of fluid systems, 

starting from water to bigger organic molecules, and to colloidal systems made up of 

nanoparticle to micron- size particle, have concluded that the structure and dynamics at a liquid-

solid interface is influenced by the discrete nature of the system, and hence the breakdown of 
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continuum approximation. Thus understanding interfacial properties is important for the 

advancement of science and technology.  

 Similar to a fluid close to a single liquid-solid interface, a fluid sandwiched or confined 

between two solid surfaces also behaves significantly different from bulk fluid
3,133

. In particular, 

unlike in the bulk, liquid near a solid interface has layered structure, which is parallel to the 

confining surface. This structure dictates the properties of the system. Thus mechanics and 

dynamics of fluid near the interface are altered from that of bulk behavior. SFA and AFM are 

two commonly employed techniques to study the structure and mechanics of confined 

liquid
18,134

. In addition, neutron and X-ray scattering, optics and spectroscopy based 

experimental studies and theoretical simulations are also performed to understand the structure or 

dynamics of fluids under confinement
135-139

. Experimentally, confinement-induced ordering in 

various molecular liquids have been demonstrated for almost three decades
133,134

. Layering has 

been observed in both polar liquids (water, alcohol) and non polar/inert liquids (OMCTS, 

TEHOS)
4,18,19,134,140-142

. In addition to molecular liquids, colloidal liquids are found to acquire a 

structure upon confinement
143

. 

 Colloids are found everywhere in nature (blood, milk), and synthetic colloids are 

employed practically in all industries, from food industry to semiconductor manufacturing 

technology. In addition due to their mesoscopic length scales, colloidal systems constitute an 

ideal model system to study problems in statistical and condensed matter physics
144,145

. 

Experimental and theoretical studies on colloids under confinement have revealed interesting 

properties like confinement induced freezing and unusual layered crystalline structures
145-147

. 

Such layered structures are observed from colloidal particles whose size ranging from tens of 

nanometer to tens of microns
145

. Thus a colloidal liquid is an ideal system that can be employed 
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as a test system for our integrated AFM/FCS systems, which will simultaneously probe structure 

and dynamic of fluid under confinement. 

5.2.1 FCS Results 

Using a relatively concentrated (compared to the previous section) silica-based nanofluid, 

FCS experiments under confinement were performed. The operation of the new integrated 

platform of AFM and FCS was tested to study a nanoparticle colloidal solution under 

confinement. To the best of our knowledge, this is the first time AFM and FCS had been 

successfully integrated to perform simultaneous and complementary measurements on liquids 

under confinement. The FCS measurements were performed while the confinement was 

simultaneously provided by the colloidal probe attached to the AFM cantilever. A colloidal 

suspension of silica nanoparticles at volume fraction ~7.3% was used in all the experiments 

reported in this article/letter. The suspension contained a small amount of labeled silica particles 

(<0.005% by volume). The solution was prepared from concentrated stock solution obtained 

from Sigma-Aldrich (Ludox TM-50), which contained spherical silica nanoparticle of ~27.6% by 

volume. The fluorescently labeled silica particle (Corpuscular, green 20 nm) were obtained from 

Microspheres-Nanospheres. Dynamic light scattering (DLS) measurement showed no sign of 

aggregation of the particles (Figure 5.1.5). The size of the NP from transmission electron 

microscopy and from DLS was found to be consistent with the value provided by the supplier 

(Figure 5.1.4). 

The schematic for the measurement geometry is presented in Figure 5.2.1.1. The vertical 

confinement was in the order of a few microns, and achieved by precisely controlling the 

distance between colloidal probe and the sample substrate with the help of the closed loop 

scanning stage ( section 4.1), which has a 10 µm range in the vertical direction.  
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Figure 5.2.1.1: Schematic of our combined AFM-FCS set-up. 1: Single mode optical fiber 

for interferometric detector, 2: 1310 nm reference laser reflected from TiO2 coating (blue) 

at the end of the fiber, 3: Laser reflected from top of the cantilever coated with reflective 

film (Au or Al) that interferes with the reference beam, 4: Colloidal probe (~25 µm silica), 

5: Nanofluid composed of spherical silica nanoparticle, 6: Closed loop scanning stage with 

sample cell, 7: Objective 63X with NA 0.75, 8: Red laser light for excitation (800 nm), 9: 

Green light from fluorescence emission, 10: Schematic representation of the laser (800 nm) 

focus showing the trace of a fluorescently labeled silica nanoparticle. 

 

The results from FCS experiments are presented in Figure 5.2.1.2. The normalized auto-

correlation functions, GN(τ), for various tip-substrate distances are shown.  The diffusion 

coefficient (D) of the labeled silica nanoparticle was obtained by fitting the auto-correlation data 
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with equation 3. This plot clearly demonstrates a decrease in D as the tip-substrate distance was 

reduced. This is evident from the shift (towards longer time) of the autocorrelation curve for 

smaller tip-substrate distances. For comparison with bulk diffusion coefficient (D∞ = 6.1 µm
2
/s), 

a plot of normalized diffusion coefficient (D/D∞) for various tip-substrate distances is shown in 

Figure 5.2.1.2 (inset). The error bars are the standard deviation obtained from many trials.  

The trend presented in Figure 5.2.1.2 is surprising given the fact that the confinement scale is 

orders of magnitude larger than the size of the particles, i.e. the confinement is in the micron 

scale, while the particles are in the nanoscale. In order to find plausible reasons for the intriguing 

trend reported in Figure 5.2.1.2, different control measurements were undertaken to check for the 

following: 

(i) Effect of particle sedimentation near the substrate.  

(ii) Effect of possible charges on either or both of the solid interfaces, 

      which are employed to confine the nanofluid (single-surface effect). 

 

FCS measurements were performed by focusing the laser near either one of the solid 

surfaces (colloidal probe and the substrate), while a large separation between the two confining 

surfaces was maintained. For these experiments the separation was chosen such that the diffusion 

coefficient of the labeled nanoparticle obtained in the gap was similar to the bulk diffusion 

coefficient. If sedimentation or the surface effect were responsible for the reduction in the D, 

presented in Figure 5.2.1.2, then one would expect to observe a reduction in D when only one 

surface is present. However, no appreciable change in the diffusion coefficient was observed 

when the laser was focused near either one of the two confining surfaces. In addition, the effect 
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of sedimentation would come in play for colloidal particles of the order of 1 µm in radius (see 

§5.1.1 for discussion) Therefore, the sedimentation or the single-surface effect cannot explain the 

observed change in the D. Hence, it can be concluded that the observed change in the D is most 

likely due to the confinement of the nanofluid. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.1.2: Normalized autocorrelation function of labeled 20nm silica particle in 

nanofluid in bulk (squares) and for various tip-substrate distances; 10 µm (filled circles), 5 

µm (open circles), and 3 µm (triangles). The solid lines were obtained by fitting the 

respective data with a model for 2d diffusion. This plot clearly demonstrates the decrease 

in the diffusion coefficient as the tip-substrate distance was reduced. This is evident from 

the shift (towards longer time) of the autocorrelation curve for smaller tip-substrate 

distance. Inset shows the plot of normalized diffusion coefficient (D/D∞) for various tip-

substrate distances. 
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 Next, we studied the effect of nanoparticle concentration on the diffusion coefficient 

using FCS. The volume fraction of the nanoparticle in the dispersion was increased from ~7.3% 

to ~27.6%, and the diffusion coefficient was measured in bulk solution. The results of the 

experiments are shown in Figure 5.2.1.3. For easy comparison, diffusion coefficient is 

normalized with the value obtained for volume fraction 7.3% (corresponds to 17% by mass), 

which was employed for our micro-confinement experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.1.3: Normalized autocorrelation function of labeled 20nm silica particle in high 

concentration colloidal dispersion for different mass fractions; 17% (open square),                 

22% (solid circle) and 50% (solid square). 

 

 Figure 5.2.1.4 shows that the changes in the normalized diffusion coefficients are similar 

for micro-confinement experiments and bulk experiments with higher concentration of the 
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colloidal dispersion. This suggests that the confinement may result in an increase in the density 

of the nanoparticles. As mentioned in the introduction, it is well known that confinement induces 

ordering in liquids, which in turn will result in a reduction in diffusion. However, this cannot 

explain our data because the scale of confinement should be commensurate with the size of the 

particles. This is demonstrated in the results from force spectroscopy data obtained from AFM 

measurements, which are presented in the next section.  

Stability of colloidal dispersions, which are made up of charged particles, is explained by 

well know DLVO theory, which is named after Derjaguin, Landau, Verwey and Overbeek
148

. 

The theory takes into consideration the electrostatic double layer force and van der Waals force 

to explain the colloidal stability and phenomenon like flocculation in dispersions. The theory 

assumes pair-wise interactions between particles. The interactions that the theory considers are 

(1) long range electrostatic repulsion and (2) short range attraction due to van der Waals force. 

Since 1940‟s, DLVO has been successfully applied to explain colloidal phenomena
149

. However, 

from late 1990‟s some experimental and theoretical studies on confined or concentrated charged 

colloidal dispersion have demonstrated the presence of attraction between charged particles, 

contrary to intuition
150-153

. Such long range attraction is attributed to the breakdown of linearity 

assumed by DLVO theory, and also due the effect of confinement
151

. The presence of long range 

attraction between charged particle may lead to an increase in density of particles under 

confinement, thus resulting in the reduction of the diffusion coefficient. Such an effect may 

qualitatively explain our results. However, in our experiments the reduction in diffusion occurs 

at microns scale, where as the effects mentioned occur at the scale of the nanoparticle size. 

Clearly, more research is needed to fully understand the observation since it is not clear why the 

confinement at a scale of microns can affect the density of nanoparticles in colloidal dispersion. 
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Figure 5.2.1.4: Plot of normalized shows the normalized (with respect to the value for 17%) 

diffusion coefficient for different mass fractions (blue). Also plotted is the result from the diffusion 

coefficient measurements for under micro-confinement for comparison. 

 

5.2.2 AFM Results 

Our group has a long history of performing force spectroscopy studies using a home-built 

AFM on various confined liquids [OMCTS, water, TEHOS]. The results from these studies show 

the presence of oscillations in the stiffness and damping coefficient as the scale of confinement 

approaches the molecular level. The period of these oscillations in both stiffness and damping 

coefficients were commensurate with the size of the molecules that constitutes the particular 

liquid under study. For example, in the case of OMCTS an average peak to peak separation in 

stiffness or damping coefficient was ~0.9 nm, which is comparable to the diameter of OMCTS 
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molecules
1
. In recent AFM studies on nano-confined water, the average peak to peak separation 

obtained was comparable to 0.25 nm, which is the hydrogen bonding distance of water 

molecules
154,155

. In all these studies, the phase relation between oscillations in stiffness and 

damping coefficient depended on the rate of confinement. For approach rates below a critical 

value the stiffness and damping were found to be in-phase, which means the maxima of the 

stiffness aligned with maxima of the damping coefficients. Such an in-phase behavior implied 

that the confined liquid behaved like a liquid. The critical speed for OMCTS and water was 

found to be 0.4 nm/s and 0.6 nm/s
1
, respectively. Above the critical speed the oscillations in 

stiffness becomes out-of-phase, which implies a solid- like mechanical behavior. It will be 

interesting to study if such properties are exhibited by colloidal liquids as well. 

AFM measurements in force spectroscopy mode were undertaken for the concentrated 

nanofluid system discussed in the previous section. Figure 5.1.3.1 shows the measurement 

geometry.  Figure 5.2.2.1 and 5.2.2.2 show the results for approach speeds of 50 nm/s and 20 

nm/s. For both speeds, oscillations in stiffness and damping coefficients were seen.  The non-

monotonous oscillatory trend presented in these the figures indicates the formation of structure in 

the colloidal suspension under confinement. However, the phase relation between stiffness and 

damping was opposite for the two speeds. For an approach speed of 20 nm/s, the stiffness was 

in-phase with damping, and for 50 nm/s it was out-of-phase. A phenomenological relaxation 

time (τ) can be calculated from stiffness and damping coefficient, which is given in the following 

equation: 

ts
k

ts
C

           (5.2.1)  
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Figure 5.2.2.1: (a) Typical stiffness (Kts) and damping coefficient (Cts) plots from AFM 

measurement for an approach speed of 50 nm/s. Equation 2.2.6 is used to calculate Kts and 

Cts, respectively from the amplitude and phase of the cantilever oscillation, which are 

directly acquired from the AFM, as it approaches substrate.  The cantilever stiffness (KL) 

used for the above data was 63 N/m. (b) Stiffness and normalized relaxation time as a 

function of tip-substrate distance. The relaxation time is phenomenologically defined as the 

ration of Cts and Kts.  
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Figure 5.2.2.2: (a) Typical stiffness (Kts) and damping coefficient (Cts) plots from AFM 

measurement for an approach speed of 20 nm/s. Equation 2.2.6 is used to calculate Kts and 

Cts, respectively from the amplitude and phase of the cantilever oscillation, which are 

directly acquired from the AFM, as the tip approaches the substrate.  The cantilever 

stiffness (KL) used for the above data was 63 N/m. (b) Normalized relaxation time as a 

function of tip-substrate distance for two different approach speeds; 50nm/s (filled circle) 

and 20nm/s (open square). 
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Figure 5.2.2.2b shows that the relaxation time is depended on the approach speed. For 

high speed, the relaxation time shows oscillations similar to those observed in molecular liquids 

[water, OMCTS]
1,156

.  The relative increase in the relaxation time above the bulk value for the 

confined colloidal liquid is comparable with the value for OMCTS, which in turn was found to 

be an order greater than water
156

. In reference [136], the significant difference in the relaxation 

time between OMCTS and water was attributed to the fact that OMCTS is larger and thus more 

“sluggish”, and may order better than water. A similar reasoning may be applicable to the 

colloidal dispersion, which also show an order of magnitude greater relaxation time compared to 

water. Surprisingly, unlike the results for molecular liquids, the peak to peak distance for the 

colloid was ~ 50nm. This distance is approximately twice the size of the nanoparticles, which is 

~24 nm.  

 Experimental and theoretical studies on confined charged colloidal dispersion 

have demonstrated the presence of attraction between charged particles, contrary to intuition. 

Qualitatively, presence of such an attraction may explain the trend observed in FCS results. 

However, this notion does not support larger spacing seen in the AFM experiments. It may be 

possible that the force between particles is repulsive at this length scale, leading to spacing of 

particles that is twice the particle diameter. The layering observed in the AFM results occurs 

when the tip-substrate distance is of the order of a few particle diameters. However, the 

reduction in the diffusion observed from FCS experiments occurred at micrometer scale. Thus 

layering observed in AFM results cannot be responsible for the reduction in diffusion and 

moreover, the long range attraction that is used to explain the FCS results may not be applicable 

to  the AFM results.  
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From the nanoparticle volume fraction, the mean inter-particle distance can be estimated 

using equation: 

                                                                

                                                                                                        5.2.2 

                                            

Here, R is the radius of the nanoparticle, L is the average inter-particle distance and Фp is the 

maximum random packing fraction, which 0.638.  

The layering indicated by the AFM results is only in the vertical direction and the 

structural information in the two lateral dimensions cannot be deduced from the results. 

Nevertheless as a first approximation, the mean inter-particle distance could be assumed to be 

same as the layer thickness. In this approximation, the volume fraction under confinement 

estimated from Equation 5.2.2 was found to be 7.9 %, which is close to the bulk volume fraction 

(7%). This contradicts the results of FCS measurement, which suggest that the confinement may 

have resulted in an increase in the density of the nanoparticles. Despite these inconsistencies, in 

principle the results presented demonstrated the successful operation of the novel integrated 

platform.  In Chapter 6, we will suggest future experiments that may help resolve this 

contradiction. 

 5.3 DIFFUSION OF LABELED ANTIBODIES 

 The integrated platform of AFM and FCS is a versatile instrument that can be used to 

study biological systems at the single molecular level. Recently, in our group a new method was 

developed to understand the dissociation kinetics of protein-protein interactions measured using 

AFM single molecule dissociation measurements
157

. With the new platform such AFM 
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measurements can be combined with FCS to study the dynamics of bio-macromolecules. Some 

preliminary FCS experiments were performed on an antigen-antibody system, which may be 

used to label target proteins. Antigen-antibody system is a well known model biological system 

used to study bio-kinetics, and in addition, it is employed in fields like immunology and 

enzymology. 

 FCS measurements to study the diffusion of bio-molecules and their complexes with 

other molecules are generally performed by labeling the molecule of interest with fluorescence 

markers. For our studies, two sets of secondary antibody, labeled with different fluorescent dyes 

[Texas Red and Fluorescein isothiocyanate (FITC)], were employed. All the samples were 

obtained from WSU medical school. Figure 5.3.1 is a plot of the fluorescent intensity auto-

correlation function (ACF) obtained from one of the FCS measurements on secondary AB 

labeled with FITC in solution. 

To obtain the diffusion coefficient (D) the ACF is fitted with a model for 2d diffusion using the following 

equation. 

 
 
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G
G                                                                                                                         (5.3.1) 

Results from all the experiments are presented in Figures 5.3.2 and 5.3.3 in the form of 

histograms. For both types of systems, we observed that D decreases for the complex containing 

primary and secondary AB. This is expected as D inversely depends on the size of diffusing 

entity, according to the Stokes-Einstein relation. Using the relation the following expression can 

be derived: 
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Figure 5.3.1: ACF obtained for FITC labeled secondary AB in solution. The solid line (red) 

is the fit (using equation 5.3.1) to the data. 

 

Results from all the experiments are presented in Figures 5.3.2 and 5.3.3, respectively, in 

the form of histograms. For both types of systems, we observed that D decreases for the complex 

containing primary and secondary AB. This is expected as D inversely depends on the size of 

diffusing entity, according to the Stokes-Einstein relation. Using the relation the following 

expression can be derived: 
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In the case of FITC labeled system, the D for free FITC in same buffer and size of FITC 

molecule (0.6 nm) are known. Using these values, from Equation 5.3.2 we obtained the 

hydrodynamic of radii of secondary AB and complex of primary and secondary AB. The radius 

for the complex was 13 nm, an increase by a factor ~2 from 7.3 nm for the secondary AB, clearly 

indicating the formation of the complex. These preliminary experiments were performed to 

check applicability of our FCS setup to study bio-systems. 

 

Figure 5.3.2: Histogram showing the distribution of diffusion coefficient (D) obtained from 

FCS experiment with FITC labeled system. (a) Secondary anti-body, mean D=16.1 µm
2
/s; 

(b) Complex of primary and secondary anti-body, mean D=8.8 µm
2
/s.  
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Figure 5.3.3: Histogram showing the distribution of diffusion coefficient (D) obtained from 

FCS experiment with Texas Red labeled system. (a) Secondary anti-body, mean D=28.8 

µm
2
/s; (b) Complex of primary and secondary anti-body, mean D=4.8 µm

2
/s. 
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Chapter 6        

SUMMARY AND FUTURE DIRECTION 

In this final chapter, I present a brief summary of my thesis work, and describe directions 

for future research with the novel integrated platform constructed during this thesis work. Some 

of the proposed future experiments need to be performed to fully understand and explain the 

intriguing results presented in the previous chapter. 

6.1 SUMMARY 

 A new fiber interferometric detection based AFM was constructed, and was 

successfully integrated with an existing custom-made FCS setup based on an inverted 

microscope. The main design of this new AFM is similar to the high sensitive AFM instrument 

previously built in our group. In order to integrate the AFM with an inverted optical stage, 

significant modifications to the design and implementation were needed. With the novel 

integrated platform, mechanics and dynamics of liquids can be studied simultaneously. In our 

setup, the confinement of liquid on a glass substrate is achieved by the colloidal probe of the 

AFM, and a thin substrate made up of mica (0.15mm think) or silica (#1 microscope slide). 

Some of the newer features of the new AFM are listed below: 

3) A closed loop scanning stage (from Physik Instrumente) is used for lateral motion  

of the sample and its coarse approach toward the tip. 

4) The fine approach is performed by a tube piezo (ID 1”) to which the AFM is attached. 

5) Both the cantilever and the fiber positioner are attached to the fine approach piezo, and 
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thus the fine approach of the tip can be achieved without loss of fiber alignment. 

6) The fiber employed in the AFM was coated with TiO2 using the novel process developed 

based on MOD. 

 

The novel coating method was based on metal-organic decomposition (MOD) technique, 

which is a well-known method in solid-state thin film technology. A thin film of TiO2 deposited 

at the end of the fiber helps to improve the resolution of the detection system. We found that 

TiO2 may provide a better choice as the optical reflectivity of TiO2 is similar to that of Si in the 

wavelength range we employ, and as an oxide it is not prone to undergo further oxidation in 

liquids. The quality and robustness of TiO2 coated fibers were tested by immersing them in 

various liquids, while their reflectivity was monitored. Unlike the Au/Si coated fibers, which we 

used previously, the TiO2 coated fibers showed no change in the reflectivity even for prolonged 

immersion (24 hours). The thin film coating using the new method was found to be of sufficient 

quality to be employed for high resolution fiber-optic interferometry. The AFM results presented 

in this work were obtained using the fiber coated by this method. This coating technique is much 

faster and easier than conventional thin film coating techniques, and yields results that are 

comparable or better than can be achieved with sputtering or thermal evaporation. 

 

 The functionality of the integrated platform was demonstrated by studying a silica 

nanoparticle (~20 nm diameter) based colloidal liquid. The dynamics and structure of the 

dispersion under confinement were studied using FCS and AFM. Results from the two 

instruments showed the effect of confinement. However, the results were different and 
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unexpected. While AFM results indicated the influence of confinement at nanoscale, the FCS 

results showed that the dynamics was affected at micro-scale. Diffusion coefficient (D) of 

nanoparticle measured by FCS decreased by more than 3X from the bulk value even at a tip-

substrate distance of 10 micron, and decreased further with the reduction of the tip-substrate 

distance. More than an order decrease in the D was observed at a tip-substrate distance of           

3 micron. Due to experimental difficulties that created artifacts, reliable FCS data could not be 

obtained for confinement of less than 3 micron. Stiffness and damping coefficient were measured 

by AFM on the confined colloidal for two different approach speeds of the tip towards the 

surface. For both speeds, oscillations in stiffness and damping coefficients were seen when the 

tip-substrate distance was less than 100 nm. However, the phase relation between stiffness and 

damping was opposite for the two speeds. For an approach speed of 20nm/s the stiffness was in-

phase with damping, and for 50nm/s it was out-of-phase. At high speed, the relaxation time 

calculated from stiffness and damping showed oscillations, which were absent for the slower 

approach speed. These observations indicate the presence of structure in the dispersion under 

confinement, which is similar to the trend noticed from previous AFM studies on various 

molecular liquids. However, unlike the results from molecular liquids, for the colloidal 

dispersion the peak-to-peak distance is ~ 50nm, which is twice the size of the particles, which is 

~24 nm. More experiments are needed to confirm and fully understand these results. 

Nevertheless, these results successfully demonstrate the functionality of the newly built 

integrated platform of AFM and FCS.  

 

 During the course of the research, application of FCS to study the dynamics of nanofluids 

was successfully demonstrated. To the best of our knowledge, this is the first time FCS was 
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employed to study nanofluids. Nanofluids exhibit some intriguing thermal properties, and have 

great potential to increase the efficiency in various heat technological applications in micro- and 

nano- technology. Recent studies on the mass transport behavior in nanofluids have yielded some 

interesting but controversial results. Two different nanofluids containing a small quantity (~nM) 

of fluorescent dyes were studied by employing two-photon FCS. Direct measurements of the 

tracer diffusion coefficient of the fluorescent dye in different nanofluids were obtained using 

FCS technique. The experiments were performed under thermodynamic equilibrium, and hence 

the Brownian motion in the fluid alone was observed. A silica nanoparticle based nanofluid 

containing fluorescent dye Alexa488 in nanomolar concentration, and an alumina nanoparticle 

containing nanomolar concentration of fluorescent dye rhodamine 6G were the two dispersions 

used. In the volume fraction range we used, we did not observe any significant change in the 

tracer diffusion coefficient in the nanofluids, and the value of D was very close that of the dye in 

pure water. Our results indicate that there is no enhancement in the diffusion coefficient in the 

nanofluid. The trend presented in this thesis is consistent with the prediction of the excluded 

volume model. The trend is consistent with a recent paper in which a novel microfluidic 

approach was employed to study the diffusion in nanofluid 
129

. In this paper, the anomalous 

enhancement observed in earlier works was explained by the authors based on possible 

formation of the dye-nanoparticle complex, which was not directly observed in that work. 

However, despite the power of FCS to observe directly the presence of any dye-nanoparticle 

complex, our results showed no indication for the presence of the complex with the free dyes. In 

the case where the dye-nanoparticle complex was observed, we did not find any indication for 

the presence of free dyes. In other words, in the concentration range (of both dye and 

nanoparticle) employed in this work we observed that the presence of free dyes and the complex 
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was mutually exclusive. In addition, the application of FCS in understanding the dynamics of 

nanofluids was successfully demonstrated. 

6.2 FUTURE DIRECTION 

  The novel combined AFM and FCS platform we successfully constructed has 

great potential to study various soft matter systems, like colloidal dispersions. In addition, 

because of the inverted geometry of the microscope platform and the ease of AFM use in liquid 

environment the new platform is attractive for studying biological systems. In this section, I 

present some possible future directions for the research that could be pursued. 

6.2.1 CONFINED COLLOIDAL DISPERSIONS 

  The colloidal dispersion employed in this research displayed some intriguing 

behavior under confinement. AFM results demonstrated the presence of layered structure of the 

colloid under nano-scale confinement. On the other hand, FCS results on the dynamics of the 

colloidal systems showed significant reduction of the diffusion coefficient even at micro-scale 

confinement. Moreover, FCS results seemed to indicate that the slow-down of the diffusional 

dynamics was due to an increase in particle concentration, which may be a result of the micro-

confinement. However, in our AFM measurements, which were performed at nanoconfinement, 

we found that the concentration of the colloid did not differ much from the bulk concentration. 

Thus the AFM results seem to contradict the notion that an increase in particle concentration was 

responsible for the diffusional slow-down seen in the FCS results. In order to solve this puzzle, 

we need to alter the bulk concentration and the interparticle forces, and repeat the FCS and AFM 

measurements for a reasonable range of these parameters. In particular, some of the future 

experiments needed are: 
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1) In this thesis work, AFM experiments were preformed with only two different approach 

speeds, and hence in order to establish the generality, studies need to performed for a  

larger range of speeds. 

2) Another parameter to vary is the concentration of the colloidal liquid. In the present study 

only one concentration was employed in both AFM and FCS experiments. In future 

experiments (both AFM and FCS) the concentration can be varied, and AFM experiments 

can be performed for different speeds for each concentration. Such experiments needed to 

be performed to check for the effect of concentration on the behavior of the colloidal 

suspension under confinement. 

3) The properties of colloids are affected by pH and ionic strength of the dispersion. These 

parameters were not varied in the present study. In order to investigate the influence of 

ionic strength or pH on the colloids under confinement, experiments need to be 

performed by varying these parameters. 

4) To check for the universality, all the above mentioned variations needs be performed with 

colloidal dispersions made up of particles of different sizes, and made of different 

materials. 

5) Influence of AFM tip size on the mechanics of confined liquid was recently investigated 

in our group
155

. The stiffness and damping coefficient appeared to depend linearly on tip 

size. Such a linear dependency of damping on tip radius indicated a deviation from 

squeeze damping model, which predicts a quadratic dependency.  Similar studies can be 

undertaken in future on colloidal system to investigate the effect of tip size on the 

mechanical properties of colloids under confinement. 
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6) Eventually, experimental studies on more complex colloids, which are heterogeneous or 

polydispersed, can be undertaken in future. 

 

6.2.1 OTHER SOFT MATTER SYSTEMS 

  The new integrated platform can be employed to study the structure, dynamics 

and kinetics of various soft matter systems, such as polymers and biological systems. Unlike the 

particles, polymers are flexible and hence their confirmation depends strongly on the 

environment. Similar to the experiments mentioned in the previous section, studies on polymers 

dissolved in a solvent can be undertaken to understand their structure and dynamics near solid 

interface. Force spectroscopy and diffusion studies can be performed on bio-molecules, and their 

complexes that are present on the membranes on living cells in physiological state. For example, 

there are domains (like lipid rafts) present in the membrane whose structure and mobility are 

different from other regions of the cell membrane. The mechanics and dynamics of domains can 

be investigated using the novel integrated platform. Such studies will enhance our understanding 

of the structure, and function of different parts of the cellular membrane, which play an 

important role in varied processes, like endocytosis, exocytosis, and antigen recognition. 
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ABSTRACT 
 

A NOVEL INTEGRATED PLATFORM COMBINING ATOMIC FORCE 

MICROSCOPY AND FLUORESCENCE CORRELATION SPECTROSCOPY 

by 
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Advisor: Prof. Peter M. Hoffmann 

Major: Physics 

Degree: Doctor of Philosophy 

  At the nanoscale near an interface, the discrete nature of liquids is expected to 

influence various properties, such as density, viscosity or diffusion constants. Understanding 

interfacial properties of liquids is important for the development of nanotechnology, especially 

for the fields of nano-rheology and nano-tribology, and also for understanding various 

mechanisms in biological systems at the molecular level, such as protein folding or the self-

assembly of lipid vesicles, which invariably involve liquids. Atomic force microscope (AFM) 

and fluorescence correlation spectroscope (FCS) are two complimentary techniques that are 

commonly employed investigate mechanics and dynamics of liquids at interfaces. In this thesis, 

the design and construction of a novel integrated platform combining AFM and FCS is 

presented. The platform consists of a newly built high sensitive AFM on top of an existing 

custom-made FCS setup. The design is modular in nature, can be easily assembled or 

disassembled and thus both AFM and FCS can be used independently. The successful operation 

was the platform was demonstrated by employing a colloidal liquid as a test system.  Results of 
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AFM experiments indicated the presence of structure to the colloidal dispersion under 

confinement, similar to the behavior of molecular liquids reported in the literature, at length 

scales of a few 10 nm. However, FCS results showed considerable decrease in the diffusion of 

colloidal particle even when the confinement was of the order of microns. The design, 

construction and the testing of the new platform along with the intriguing results will be 

presented. 
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