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Spencer C. Clark 
 

ABSTRACT 
 

The conventional atomic force microscope (AFM) is equipped with a single optical detection 
system.  Probe-sample separation is determined in an independent deflection with respect to 
AFM z-translation experiment.  This method of determining probe-surface separation is 
relative, susceptible to drift and does not provide real time separation information.  The 
evanescent wave atomic force microscope (EW-AFM) utilizes a second, independent detection 
system to determine absolute probe-surface separation in real time.  The EW-AFM can 
simultaneously acquire real-time force and probe-sample separation information using the 
optical lever and evanescent scattering detection systems, respectively.  The EW-AFM may be 
configured with feedback on the optical-lever system for constant force applications or with 
feedback on evanescent wave scattering intensity for constant height applications. 
 
Scattering of the evanescent wave exponential decay profile is used to determine probe-surface 
separation.  Sub-micron sized dielectric and metallic probes show exponential scattering 
profiles, micron sized polystyrene and borosilicate microspheres show non-exponential profiles 
when they are affixed beneath the cantilever tip.  By affixing the microspheres to the end of the 
AFM cantilever exponential and non-exponential profiles were observed.  
 
The EW-AFM can be used to conduct force-distance and imaging experiments.  The EW-AFM 
was used to measure the thickness of surfactant bilayers formed at the silica-solution interface 
using silicon nitride AFM tips. The presence of a refractive index difference between the 
surfactant bilayer and the solution does not influence the accuracy of the surfactant bilayer 

thickness measurement.  The EW-AFM was used to scan a 2 x 2 μm area in constant height 
mode.  The probe was brought to within 6 nanometers of a planar dielectric surface using the 
evanescent wave intensity as a height reference with accuracy of ± 1 nm.  This capability may be 
utilized to observe charge heterogeneity at the solid-liquid interface with nanometer lateral 
resolution or to map chemical functional group heterogeneity based on perturbations to the 
electrical double layer. 
 
The EW-AFM evanescent scattering system has an absolute separation resolution of 0.3 nm 
compared to 1.0 nm relative separation resolution for the optical lever system.  In constant 
scattering (constant height) mode the real time separation precision is about 2 nm. 
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1.      INTRODUCTION 

The introduction of new instrumentation is typically followed by a wave of scientific discovery, 

which in turn raises new questions worthy of research, and with it a need for more complex 

instrumentation.1 The synergistic cycle of scientific advancement and technological innovation 

are more closely coupled today than at any other time in history.2 

 

The use of sub-wavelength optical detection in combination with atomic force microscopy 

(AFM) was developed in the mid 1990’s by several research groups in the United States and 

Europe.  The driving force behind this optical research was to achieve the best sub-wavelength 

resolution possible.  Once achieved, the technology seems to have been shelved for want of 

more interesting challenges.  AFM coupled with near-field scattering is recently finding 

application in biological, colloid science, and surface chemistry fields roughly ten years2 after its 

initial introduction in imaging3 and force-distance applications.4 

 

The research presented here is a significant contribution to science.  The Evanescent Wave-

Atomic Force Microscope (EW-AFM) is a new application of atomic force microscopy which 

utilizes feedback from near-field scatter of an evanescent wave in combination with the optical 

lever deflection system used in atomic force microscopy to obtain force-distance information.  

Force information is acquired using the optical lever method and absolute distance information 

is acquired from the scatter intensity of the evanescent wave.  The goal of this dissertation was 

to develop and characterize the Evanescent Wave-Atomic Force Microscope and to 

experimentally demonstrate several capabilities of the new instrument. 

1.1 Surface Forces 

Surface forces can be both attractive and repulsive in nature and are strong enough at distances 

on the order of several nanometers to tens of nanometers to control the behavior of small 

particles in aqueous solution.  Surface forces are important in industrial and commercial 

applications such as froth flotation, detergency, food science, and cosmetics.  Surface forces also 

play an important role in biological applications such as protein folding, enzymatic catalysis, 

and cell membranes which consist of complex, dynamic structures formed from phospholipid 

bilayers. 
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Analytical tools developed for the specific study of surface forces and surface chemistry began 

with the introduction of the Surface Forces Apparatus (SFA) in 1969.  It was followed by the 

introduction of the Atomic Force Microscope (AFM) and Total Internal Reflection Microscopy 

(TIRM) in 1986 and 1990, respectively.5 

1.2 Surface Forces Apparatus 

The Surface Force Apparatus (SFA) was introduced in 1969 by David Tabor and R. H. S. 

Winterton.6  A refined version was developed by Tabor and Jacob Israelachvili in 1972.7   The 

SFA was originally designed to measure van der Waals forces between molecularly smooth 

mica surfaces (typically mica) in vacuum or air.  Successive SFA refinements allowed the 

instrument to measure forces in solution by submerging the crossed mica sheets in aqueous 

analyte solutions.8  Horn introduced the capability to measure forces between sapphire9 and 

silica10 in 1988 and 1992, respectively.   

 

 

Figure 1.1  Cross sectional view of the Surface Forces Apparatus Mark IV.  Mechanical 
mechanisms are used to achieve micron-scale changes in separation between the solids.  
Fine separation control is achieved through the use of a cylindrical piezo-electric tube 
that surrounds the microscope objective. The SFA is capable of Angstrom separation 
resolution and force sensitivity on the order of 10-8 N. Illustration courtesy of Professor 
Dr. Rolando C. Castillo, Institute of Physics, National University of Mexico. Used with 
permission. 
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The ultimate force sensitivity of the SFA is about 10-8 N but the interacting area is much larger 

than in measurements made using an Atomic Force Microscope, or using Total Internal 

Reflection Microscopy.  The SFA utilizes white light interferometry to determine separation 

between the two mica sheets.  The backside of the mica sheets are silvered and act as a Fabry-

Perot filter. Separation distances are determined based on the refractive index of the 

intermediate film and from Fringes of Equal Chromatic Order (FECO) with separation 

resolution on the order of one Angstrom.5 

1.3 Atomic Force Microscope 

Atomic force microscopy was invented by Binnig, Gerber, and Quate in 198611.  The initial 

instrument was a derivation of the Scanning Tunneling Microscope (STM), where a diamond tip 

was used in place of the STM tip.  Molecular contact between the probe tip and interface is used 

to generate a contour map of the surface.  Deflection of the diamond tip was measured using 

electrical tunneling current technology similar to STM.   

 

 

Figure 1.2  A cross-sectional diagram of the original AFM equipment showing tunneling 
detection system and scanning piezo-electric stacks. A diamond tip glued to a piece of 
aluminum foil functioned as the AFM cantilever and probe.  The cartoon at right shows a 
close-up of the tip-surface interaction at the atomic level.  Reprinted figure with 
permission from Binnig, G.; Quate, C. F., Atomic Force Microscope. Physical Review 
Letters 1986, 56, 930-933.  Copyright 1986 by the American Physical Society. 

 

Gerhard Meyer and Nabil Amer introduced the optical lever method of measuring cantilever 

deflection in 1988.  A position-sensitive detector is used to detect change in cantilever angle 

using a laser beam which  reflects off the top surface of the AFM cantilever. Optical lever 

technology has become the standard method used in modern AFM instruments. 
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Figure 1.3  System for detecting cantilever deflection using a position sensitive 
photodiode and laser developed by IBM researchers Meyer and Amer in 1988.  Reprinted 
with permission from Meyer, G.; Amer, N. M., Novel optical approach to atomic force 
microscopy. Applied Physics Letters 1988, 53, (12), 1045-1047. 

1.3.1 Imaging AFM 

There are two predominant AFM applications, scanning or imaging applications and force-

distance applications.  In a scanning AFM application the tip is scanned horizontally across the 

sample surface (called the fast scan axis) and back to the starting point.  After each horizontal 

scan, the tip is translated a finite distance normal to the first scan (slow scan axis) and the 

sample is scanned again.  By repeating this procedure multiple times the AFM tip will scan a 

square region of interest.  The sample substrate shown in figure 1.4 is a calibration grating.  A z-

height map of the sample surface is created using a feedback loop that monitors cantilever 

deflection as the sample is scanned.  When the tip drops to the gratings lower surface the 

change in cantilever deflection is detected and the AFM controller will signal the z-piezo to 

extend until the cantilever deflection is restored to its original value.  The deflection and z-

height data are recorded as a function of x and y-position.  The z-height data at any given x and 

y-coordinate is used to construct a contour plot of the sample surface. 
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Figure 1.4  AFM in Constant Force Scanning Mode.  The cartoon shows an AFM tip being 
scanned from left to right across a grating.  Any change in cantilever deflection is 
detected by the position sensitive detector and passed to the AFM controller as the tip is 
scanned horizontally across the grating surface.  When the tip drops to the lower grating 
surface the change in cantilever deflection is sensed and the AFM controller will signal 
the z-piezo to extend until the cantilever deflection is restored to its original value.  A log 
of the z-piezo height at a given x and y-coordinate is used to construct a contour plot of 
the sample surface. 

 

The AFM controller passes two data sets to the computer. The first data set, the deflection data,  

is a record of cantilever deflection at all x,y-coordinate pairs.  The second data set, the height 

data,  is a record of the z-piezo height at all x,y-coordinates scanned.  Figure 1.5 is an example of 

an AFM tip scanning across a calibration grid, the actual tip path is shown along with the 

deflection data and the height data.  The height data represents the actual path of the tip with 

the exception of instrumental artifacts due to less-than-instantaneous response of the feedback 

system. 
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Figure 1.5  Comparison of AFM tip path, deflection trace and height traces.  The AFM tip 
path across the sample is shown in blue.  The deflection trace is shown in red and the 
height trace is shown in black.  The height trace represents the path followed by the AFM 
tip as it scans across the substrate surface.  The height trace is not a perfect representation 
of the AFM tip path because changes in deflection are not compensated for 
instantaneously by the z-piezo electronics. 

1.3.2 Measuring Surface Forces using Colloidal Probe AFM  

The AFM has been adapted to measuring force, chemical, physical, and electrical properties at 

the micron and nanometer scale.  Surface probe microscopy (SPM) has developed into a whole 

host of hyphenated applications geared toward understanding chemical and physical behavior 

of interfaces at the nanoscale.12,13  Other analytical techniques have been combined with AFM as 

a means of achieving nano-scale spatial control and yet retain the detection limits and 

capabilities of traditional analytical techniques to better understand the fundamental principles 

that govern molecular interactions at interfaces.12,14-22 

 

AFM can also be used to study attractive or repulsive surface forces as a function of separation 

between two surfaces of interest.  Prior to 1991 the SFA was the primary instrument used to 

study surface force phenomena.  The measurement interfacial and colloidal forces by attaching 

a colloidal sphere to the end of an AFM cantilever was introduced by Ducker et al.23 and by Butt 

in 1991.24 This new approach utilized the AFM to measure forces on the order of 10-10 N between 

a 3.5 micron sized sphere glued to the tip of an AFM cantilever and a planar interface.  Force-

distance data is acquired by specifying a constant z-piezo approach and withdraw rate.  As the 

distance between the sphere affixed to the AFM cantilever approaches zero, repulsive or 

attractive forces will cause the cantilever to flex away or toward the surface, respectively.  Zero 

separation is reached when the change in z is offset by an equal and opposite deflection of the 
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cantilever.  This method of defining zero separation or contact is one of the drawbacks of AFM 

force-distance method.  The EW-AFM overcomes this disadvantage by combining force-

distance AFM with an independent optical detection scheme used in total internal reflection 

microscopy (TIRM). 

 

Figure 1.6  AFM Configuration used in Force-Distance Applications.  Surface forces can 
be measured by affixing an micron diameter sphere to the end of an AFM cantilever.  
Force is measured as a function of sphere-surface separation as the sphere approaches 
and is withdrawn from the flat sample surface.   

 

1.4 Total Internal Reflection Microscopy (TIRM) 

Prieve and Fredj introduced TIRM in 1990 as a technique for measuring energy distance profiles 

for colloidal particles.25,26  TIRM utilizes the optical phenomena of Frustrated Internal Reflection 

(FIR, see section 3.1.1) to measure the distance between a dielectric sphere suspended in 

aqueous solution above a flat plate of similar material.  The sphere is more dense than the 

solution and will migrate downward.  Electrostatic repulsion from like charge at the interface of 

the sphere and prism surface increases as the separation distance approaches zero.  At some 

separation distance greater than zero, the downward gravitational force will be offset by the 

electrostatic repulsion between the sphere and plate. 
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Figure 1.7  TIRM experiment illustration. Graphic illustrating the electrostatic repulsion 
between a dielectric sphere and glass plate that prevents the sphere from settling from 
solution.  At some average separation the force of gravity is offset by the electrostatic 
repulsion.  Separation is determined from the scattering intensity of a total internally 
reflected laser beam at the glass-liquid interface. 

 

Separation between the sphere and flat glass plate is determined from the scattering intensity of 

an evanescent wave, generated at the glass-aqueous solution interface by the Total Internal 

Reflection (TIR).  The evanescent wave decays exponentially with respect to distance normal to 

the glass-solution interface. TIRM has the advantage of observing colloidal forces in an 

environment very similar to those in actual practice in contrast to the other two techniques, 

which rely on some type of mechanical linkage to measure force between two surfaces.  

Frustrated internal reflection has the advantage of providing absolute sphere-surface separation 

information in real time.  This method of measuring surface forces has an ultimate sensitivity of 

about 10-15 N.   
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2. EVANESCENT WAVE - ATOMIC FORCE MICROSCOPY 

2.1 Motivation 

The Evanescent Wave Atomic Force Microscope (EW-AFM) was conceived to resolve 

characteristic disadvantages of AFM and TIRM. In most respects the EW-AFM instrument 

capabilities are the union of two instruments, and in some instances it is the intersection of the 

two.  The AFM retains its full functionality and benefits from the addition of a second optical 

(and independent) method of determining probe-surface separation.  In the case of force 

measurements, the EW-AFM is the intersection of the two methods, the ultimate force 

sensitivity associated with TIRM is lost by attaching the colloidal probe to the AFM cantilever in 

order to overcome one of the drawbacks of TIRM, the lack of microsphere height control.  Table 

2.1 is a detailed list of the advantages and disadvantages of the SFA, AFM, TIRM and proposed 

EW-AFM. 

 

Table 2.1  Force-distance instrumentation advantages and limitations.  Table 2.1 summarizes the 
capabilities and limitations of three major force-distance instruments and those of the EW-AFM.   

Parameter SFA AFM TIRM EW-AFM 
Separation 

Measurement 
Interferometric method 

(FECO) 
Linear deflection 
implies contact 

Absolute separation 
from evanescent 

scattering. 

Force by optical 
lever and distance 

from EW scattering 
Distance 

Resolution 
1 Angstrom 

(FECO) 
6 Angstroms 

(LVDT) 
1 nanometer 6 Angstrom 

(LVDT) 
Force Method Multiple mechanical 

springs 
Mechanical spring Gravity and/or 

optical tweezer 
Mechanical spring 

Force Resolution 10-8  N 10-10 N 10-15 N 10-10 N 
Advantages • Measure absolute 

thickness of 
adsorbate on mica 

• Good Separation 
control 

• Use in gas, vapor, 
liquid or vacuum 
medium 

• Good separation 
control 

• Can be applied to 
a wide range of 
materials  

• Use gas or liquid 
as medium 

• Absolute 
separation 
information from 
evanescent scatter 

• Method mimics 
actual colloidal 
conditions 

• Good control of 
separation 

• Absolute 
separation from 
optical method 

• Force information 
from AFM 

Primary 
Limitation 

• Limited primarily to 
mica substrates 

 

• No absolute 
method of 
determining 
probe-surface 
separation. 

• Poor control of 
particle position  

• Liquid medium 
• Can not measure 

strong attractive 
forces  

 

Other 
Limitations 

Suffers from 
particulate 
contamination 

 Optical detection 
requires use of 
smooth spheres 

Substrate must be 
optically 
transparent 
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In addition to overcoming some of the disadvantages AFM and TIRM, the EW-AFM is capable 

of conducting force experiments with separation feedback from the evanescent wave scattering  

system to control probe-surface separation in real time, in either imaging or force-distance 

applications.  The EW-AFM can also operate in constant force mode using feedback from the 

optical lever system and obtain absolute separation information from the evanescent scatter 

intensity, again this mode can be applied to force-distance measurements or to imaging 

applications.   

 

Figure 2.1  Evanescent Wave-Atomic Force Microscope.  The EW-AFM uses an AFM 
mated to a laser and dove prism similar to that used in TIRM.  Scattering from the 
evanescent wave can be used to determine absolute probe-prism separation in real time.  
The AFM can be configured to feedback on either the scatter signal (constant separation 
mode) or the cantilever deflection signal (constant force mode). 

 

 The EW-AFM has additional capabilities not listed in table 2.1.  The system can be adapted to 

study the behavior of fluorescent molecules or probes at the solid-liquid or solid-gas interface 

by using a 405 nm, 475 nm or 488 nm solid state laser.  The use of a pulsed laser in place of 

continuous wave laser enables one to conduct fluorescence lifetime experiments of molecules 

situated at the gas-solid and liquid-solid interfaces.  The addition of a spectrophotometer would 

enable the instrument to capture spectra of the near-field scatter in the far-field, applications 

might include fluorescence or surface enhanced Raman spectroscopy of molecules situated 

within the evanescent wave at the solid-liquid interface or those which have adsorbed to a gold 
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or silver AFM probe.  Some of these additional applications are discussed in more detail in 

future work, see section 14. 

2.2 Scope of Present Work 

This dissertation serves as the technical reference for the EW-AFM.  It contains details relating 

to development of the EW-AFM, the technical aspects relating to its construction, operation, and 

information about its capabilities and limitations.  It also contains information about design and 

conceptual errors made during the development process to prevent the re-occurrence of these 

mistakes and cautions about instrumental limitations and data artifacts.   

2.3 Contribution to Science 

The contribution of the present work to science is significant and multifold.  First, a new 

instrument has been constructed based on the latest solid-state laser and AFM technology.  

Second, the documentation of the development process will aid others in constructing similar 

instrumentation in less time, with better performance, and at a reduced cost.   
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3.  THEORETICAL TREATMENT  

3.1 Evanescent Waves 

3.1.1 Total Internal Reflection 

Total Internal Reflection (TIR) occurs at an optical interface where the originating medium has a 

higher index of refraction than the transmission medium, provided the incident angle is greater 

than the critical angle. If the dielectric interface is a solid-liquid or solid-gas interface, TIR can be 

used to observe chemical  and physical processes27,28 occurring within the electrical double layer 

29,30 or processes influenced by electrostatic 31,32 and/or van der Waals forces.   

 

TIR has been used to determine distances with nanometer accuracy4 and as a spectroscopic tool 

to study molecular transport,33 orientation22,34 and reactions at the solid-liquid or solid-gas 

interface.  At angles less than the critical angle, Snell’s Law is used to determine the angle of the 

transmitted ray in the final medium.  When the angle of the transmitted ray equals 90°, fθsin  

becomes unity and critθ  is determined by the ratio of fn to 1n , where 1n  is the originating semi-

infinite layer and fn  is the final semi-infinite layer. 

11ff θnθn sinsin =      (3.1) 

The critical angle for this system is a function of the two refractive indices forming the dielectric 

boundary, where 1f nn < .  In the present work, borosilicate and fused silica were used as 

substrates for the dove prism and the critical angles for the glass-aqueous interfaces are 61.3º 

and 65.9º, respectively.   

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= −

1

f
crit n

n
θ 1sin      (3.2) 

At the critical angle, the refracted ray propagates along the dielectric interface.  As the incident 

angle becomes greater than the critical angle, an evanescent wave forms in the less dense optical 

medium.  
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Figure 3.1  Evanescent wave formed at the n1, nf  dielectric interface.  When the incident 
angle exceeds the critical angle an evanescent wave is formed at the n1 surface and 
decays exponentially into the nf medium with respect to normal distance from the n1, nf 
interface.  The offset between the point where the radiation meets the n1, nf interface and 
where it reemerges after undergoing total internal reflection is the Goos-Hänchen shift. 

 

The evanescent wave is electromagnetic energy that crosses the dielectric boundary but is not 

present in the optically sparse medium as a homogeneous electromagnetic wave.  Although 

there is flow of electromagnetic energy across the dielectric boundary, the net electric flux 

equals zero.  The evanescent wave is characterized as an inhomogeneous wave with a wave 

front that propagates perpendicular to the dielectric interface when the incident angle is very 

near the critical angle.   Figure 3.2 is a finite distance time domain (FDTD) model of a light pulse 

undergoing total internal reflection at a glass-air interface.  This model is instructive because it 

allows one to visualize in discreet time steps how electromagnetic energy interacts with the 

dielectric boundary.   

 

       

Figure 3.2  Finite difference time domain (FDTD) model of total internal reflection at the 
glass-air boundary. A light pulse undergoing total internal reflection is depicted in the 
time sequence above. The four images are separated by a time interval of 2.6 fs. Blue 
corresponds to an electrical field magnitude of zero, red is equal to or greater than one 
tenth the maximum electric field strength, E0.  Reprinted with permission from Journal of 
Physical Chemistry 2003, 107,14191-14198.  Copyright 2003 American Chemical Society. 
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The graphics used in the remainder of this dissertation (with the exception of figure 8.4 and 8.5) 

show the time averaged electromagnetic intensity, and the exponential decay with respect to 

distance normal to the interface. 

 

In order to lay the groundwork for multi-phase systems, in which one of the non-originating 

phases may be an absorber at the radiation wavelength, the complex refractive index is used.  

Here f is the intermediate or final layer, and k is the extinction coefficient, (not to be confused 

with kappa, κ, the attenuation index). 

fff iknn −=ˆ       (3.3) 

The equations presented follow the formalism utilized by Hansen,30 because they  address both 

two and three-layer systems, with the possibility of absorption by the intermediate and/or final 

layers. 

 

The complex optical properties of medium n with respect to the originating medium are 

represented by nξ .  ξ  is not related to any optical parameter, it is a means of manipulating 

complex optical properties of the various media when calculating the penetration depth and 

Fresnel coefficients of reflection and transmission.  For the originating medium , 1ξ is a function 

of the refractive index, 1n and the incident angle 1θ  with respect to the interface normal (see 

equation 3.4).  ξ  for successive layers is defined with respect to the optical properties of the 

originating medium (equation 3.5). 

cosθnξ 11 ⋅= ˆ       (3.4) 

( )2
1

222
3,2 sinˆ 11ff θnnξ −==      (3.5) 

3.1.2 Exponential Decay in the Final Phase (Two or Three Phase System) 

The evanescent wave formed in the less dense medium, decays exponentially with respect to 

distance normal to the interface.  The penetration depth, d, is the distance before the square of 

the electric field strength falls to a value of 1/e.  d is a function of the incident angle, the 

refractive indices of the original and final phases, and the light wavelength.  

)Im(4 fξπ
λd =        (3.6) 
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In the present work, evanescent decay lengths for a green laser reflecting at the borosilicate 

glass-water interface range from ~50 nm near grazing incidence to ~180 nm near the critical 

angle.  Absorption becomes significant when working near the ultraviolet regions in UV 

absorbing liquids or in the infrared when dealing with water as the final medium.  If the final 

phase does not absorb radiation at the working wavelength, k = 0 and the penetration depth 

simplifies to the following.29,35 

( )2
1

222 sin4 f11 nθnπ

λd
−

=              (3.7) 

3.1.2.1 Decay Across a Two Layer System 

The Fresnel transmission and reflection coefficients across a dielectric boundary are given by 

the following equations.  The two possible polarization cases are treated separately.  Radiation 

polarized parallel to the plane on incidence is labeled with subscript p and perpendicular 

polarized radiation is labeled with subscript s.  The subscripts j and k represent the transmission 

of light from medium 1 to 2 in a two layer system, or 2 to 3 for a three layer system. 

 

kj

j
jks ξξ

ξ
t

+
=

2
,             (3.8) 

kjjk

jkj
jkp ξnξn

ξnn
t 22, ˆˆ

ˆˆ2

+
=            (3.9) 
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+
−
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kjjk

kjjk
jkp ξnξn

ξnξn
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22

, ˆˆ

ˆˆ

+

−
=                     (3.11) 

 

Figure 3.3 Below is a plot of reflectance with respect to incident angle for both the p and s-

polarized light at the borosilicate glass-water interface.  Once the incident angle reaches the 

critical angle the reflectivity equals unity, or total internal reflection occurs.  Reflectance is the 
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square of the Fresnel p and s-polarized reflectivity coefficients or *rr ⋅ at angles greater than 

critθ . 

 

Figure 3.3  Reflectance as a function of incident angle for both s-and p-polarized light at 
the glass-aqueous interface. The values for n1 and n2 are 1.520 and 1.334 respectively, the 
critical angle for this system is 61.3º. 

 

3.1.2.2 Decay Across a Three Layer System 

For a three layer system, it is useful to introduce another parameter, β , which is related to the 

optical thickness of the middle layer where h is the thickness normalized by the light 

wavelength. 

2ξλhπβ )/(2=             (3.11) 

The Fresnel reflectance and transmittance coefficients for a three layer system are given below.   

β
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β

β

i
p23p12

i
p23p12

p err
ett
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−

+
=      (3.15) 

 

3.1.3 Evanescent Wave Normalized Mean Squared Electric Field Strengths 

In order to determine concentration of an analyte in the evanescent zone near the interface, one 

must know the mean square electric field strengths along each of the laboratory reference frame 

coordinates, x, y, and z as a function of distance normal to the interface, h.  The equations for 

mean squared electric fields are given for the three layer case.   

 

[ ])(Im)/4(exp 3
22 hzξλπtE sy3 −=     (3.16) 

[ ])(Im)/4(exp
ˆ 3

2
2 hzξλπt

n
ξ

E p
3

3
x3 −=    (3.17) 

[ ])(Im)/4(exp
ˆ

sin
3

2
2 hzξλπt

n
θnE p

3

11
z3 −=   (3.18) 

 

3.1.4 Calculation of Absorbance in the Evanescent Zone 

In order to determine absorbance using a Beer-Lambert analogue, one must determine a 

transmission path-length-equivalent of the exponentially decaying evanescent wave.36,37  The 

effective path length values seffb , and peffb , are calculated separately for s-and p-polarized light.  

In practice the intensity of s-polarized evanescent wave is approximately half the p-polarized 

value. 
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In the instance that the light source is not linearly polarized, e.g. absorption spectroscopy, one 

must determine the ratio of the s-polarized light to the p-polarized light intensity.  Both 

polarizations will have the same decay length but the relative intensity in the evanescent zone 

will vary with refractive index, and angle of incidence. 

11
,,

, +
+

+
⋅

=
PR
b

PR
bPR

b peffseff
dunpolarizeeff                 (3.21) 

The polarization ratio, PR, for unpolarized radiation is determined in a control experiment by 

using a high efficiency polarizer.36-38 The analog to the Beer-Lambert law for determining 

concentration from experimental attenuated total internal reflection absorption (ATR) data is 

given in equation 3.22.  Due to the surface active nature of many analytes, two terms are used.  

One to represent analyte adsorbing at the interface, where the evanescent field is most intense 

and a second term to account for analyte in the bulk which is sampled with the exponentially 

decaying evanescent wave.29,30,39-41 

)()log( tC
d

b
NεCbNR i

eff
bulkeff ⋅+=− ε      (3.22) 

 N is the number of total internal reflections, which can be calculated from the TIR prism 

geometry or experimentally using non-surface active analytes of known concentration.  bulkC  is 

the concentration of analyte in bulk solution and iC  is the concentration of analyte adsorbed at 

the solid-liquid or solid-gas interface. ε is the absorption coefficient determined using typical 

transmission techniques, d, the decay length of the evanescent system, and t is the thickness of 

the adsorbed layer.  One typically does not report adsorbate thickness when determining the 

Gibbs surface excess spectroscopically, only the molecular density per unit area which is 

dimensionally equivalent to the product of surface concentration and the adsorbed layer 

thickness.  The ATR absorbance (or fluorescence) spectrum contains concentration information 

from analyte at the surface and in the bulk.  The surface adsorbate is the dominant absorber of 

radiation due to the fact that the electric fields are most intense at the interface, and because 

surface active molecules form interfacial multilayers from relatively dilute solutions. 
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4. FIRST GENERATION EVANESCENT WAVE-ATOMIC FORCE MICROSCOPE  

The EW-AFM is essentially the combination of two or three pieces of equipment, depending on 

the technology and equipment utilized to build the instrument. Two designs were initially 

considered.  Both methods presented unique challenges and have different experimental 

capabilities.  One design configuration is not superior to the other in all respects. 

 

4.1 Design Considerations  

The various components used to build the EW-AFM had to meet the following requirements 

(grouped by component). 

 

Atomic Force Microscope:  

• Must be a tip scanning instrument.  AFM systems with the piezoelectric scanning tube 
mounted beneath the AFM will block the collection of scattered light in the downward 
direction.   

• AFM electronics must have the capacity to digitize multiple analog signals 
simultaneously (one from the AFM deflection signal, and at least one additional channel 
to digitize output from the optical detector, preferably two). 

• Feedback system integrated into the z-piezo to provide an independent method of 
determining change in piezo z-distance. 

• Imaging capability was not necessary to fulfill the project requirements. 
• AFM must be isolated from mechanical vibration and acoustic noise. 

 

Laser: 

• Single wavelength. 
• Polarization ratio ~100:1. 
• High quality collimated beam in TEM 00 mode and M2 ≤ 1.2. 
• Low noise levels (Ar Ion = 1% RMS or 6% peak to peak). 
• High coherence length is not a critical specification. 

 

Light Microscope: 

• Illumination capability for alignment purposes. 
• Filter options (laser line, dichroic filters). 
• Simultaneous support of CCD video and PMT photometric systems. 
• Laser access to objective light path. 
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Optical Detection:  

• Very fast response time. 
• Sub nano Watt sensitivity. 
• Low noise equivalent power, low dark noise. 

 

One of the factors that was unknown at the time was the intensity range that the detector would 

have to accommodate and still remain linear.  Ultimate detector sensitivity was also a concern, 

because we were not certain how intense light scattering in the downward direction would be.  

Finally, the optimal combination of laser power and detector sensitivity is unknown. 

4.2 Apparatus 

Two options were considered.  Option one was to generate the evanescent field at the surface of 

a commercial total internal reflectance fluorescence microscope (TIRF) lens mounted beneath an 

AFM. TIRF is a capability that has been introduced by microscope manufacturers (Nikon, 

Olympus, and Zeiss) as an improvement over conventional fluorescence microscopy (FM).  

TIRF improves upon FM by restricting excitation of the fluorescent tags to a narrow region near 

the microscope slide interface.  Others have utilized this technology to construct combined near-

field and atomic force microscope instruments.3,4  The  TIRF objectives have high numerical 

apertures and more light gathering power.  In contrast, the objectives with long focal lengths 

(used in the second option below) have small numerical apertures, and only collect a fraction of 

the light in comparison.  The TIRF objective also requires the use of cover slips with a thickness 

of 0.15 nm or less. 

 

The second (non-TIRF option) consists of three separate pieces of equipment, the AFM, an 

optical system for generating total internal reflection within the microscope field of view, and 

an inverted light microscope as a means of interfacing all the optical components.  This option 

would require integration of all three components, electrically, optically, and mechanically into 

a single functioning instrument.  Option two was selected because of lower initial cost, and it 

was better suited for colloidal applications.  By using a dove prism all angle above the critical 

angle could be used to collect scattering data.  The TIRF objectives are only useful for incident 

angles near the critical angle to about 15° above the critical angle.  When using a TIRF objective 

the incident angle must be deduced from the observed decay length.  The non-TIRF option 

allows one to calculate the penetration depth based on known experimental values.   
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4.2.1 Combined TIRF and AFM Instrument 

The first option considered consisted of a TIRF inverted microscope system and AFM as shown 

in figure 4.1. The laser would be brought into the objective light path by removing the optical 

train used for the illumination system at the back of the microscope. 

 

Figure 4.1  EW-AFM Option I. The first option considered for constructing the EW-AFM 
was centered around the use of a total internal reflection fluorescence objective.  This 
particular objective will generate an evanescent wave at the surface of a 0.10 mm glass 
cover slip.  One disadvantage was the loss of the illumination equipment, which would 
have to be removed to accommodate the laser at the rear of the inverted microscope.  
PicoSPM® image used with permission, Copyright Molecular Imaging Corporation. 

 

 This set-up had the advantage of using thin glass, silica or alumina cover slips as the surface of 

interest. It also had the advantage of being able to continuously vary the incident angle by 

simply shifting the lateral position of the laser beam.  There were two primary concerns with 

this approach.  First that the totally internally reflected laser beam would travel back down the 

light path, and eventually blind the user and/or destroy the PMT and CCD camera.  Second, 

there was no simple method of reliably separating the scattered evanescent wave light from the 

reflected TIR laser beam.  One solution considered was the use of a custom mirror that would 

pick off the total internally reflected laser beam while passing the scattered light.   
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Figure 4.2  Total internal reflection at the cover slip surface using a TIRF objective.  Two 
concerns with this setup were the potential of blinding the user with the TIR laser beam, 
and the difficulty of separating light from the scattered evanescent wave and the laser 
beam which has undergone total internal reflection. This setup does have the advantage 
of being able to continuously adjust the penetration depth of the evanescent wave by 
translating the beam laterally along the objective’s optical axis. 

 

This design was finally rejected because the laser would share the same optical path as the 

scattered light.  The evanescent scatter can be very faint at distances of three to four decay 

lengths from the surface, and it was not feasible to separate stray laser scatter from such a faint 

scattering signal if they were to share the same light path. This is not a problem in TIRF since a 

Raleigh shift of the absorbed laser light by the chromophore allows the two wavelengths to be 

separated using a dichroic beam-splitter or mirror.  This exact configuration has been used by 

others, but is limited to fluorescent applications.  Differentiation of the scattered light from the 

laser source using polarization was also considered, but light scattered from the evanescent 

wave retains the original laser polarization. 

4.2.2 The Non-TIRF Option 

This configuration preserved the microscopes illumination optical train, and eliminated some of 

the safety and detection issues associated with the TIRF objective.  It also kept the laser beam 

path entirely separate from the scattered light paths.  One drawback of this arrangement is the 

lack of flexibility in setting the incident angle.  The incident angle can be varied a few degrees, 

but multiple dove prisms with varying face angles are needed to cover the entire total internal 

reflection range from ~62º to  90º. 
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Figure 4.3  EW-AFM Option II (non-TIRF).  The second configuration considered was 
designed around a custom dove prism, fluid cell, and translation stage.  This 
configuration eliminated the safety issues associated with the TIRF objective because the 
laser and scattered light optical paths are kept entirely separate.   The AFM sits on the 
microscopes stage, with the dove prism sandwiched in between the AFM tip and light 
microscope objective.  The microscope illumination optics are also retained for alignment 
and visualization purposes. PicoSPM® image used with permission, Copyright Molecular 
Imaging Corporation. 

4.3 Optical-Mechanical Setup 

The non-TIRF configuration utilized 6 mm thick custom dove prisms (borosilicate and fused 

silica)  with 78º face angles (Knight Optical, U.K.) mounted between the Molecular Imaging 

PicoSPM AFM (Molecular Imaging, Phoenix, AZ) equipped with an S-scanner (mid range 

scanner) and a Zeiss Axiovert 200 inverted optical microscope (Carl Zeiss, Thornwood, NY).  It 

was apparent that vibration from the laser head would invariably degrade the AFM deflection 

signal, even with the use of a full sized laser table.  One solution was to link the laser head and 

AFM with an optical fiber.  The laser beam was projected onto the prism mounted beneath the 

AFM support plate from the fiber output coupler.  The laser positioning equipment at the fiber 

optic output coupler consisted of an x-y translation stage with a rotation stage and output fiber 

coupler mounted on a vertical support rod.  Z-alignment was accomplished by sliding the 

rotation stage up and down on the vertical support post.  The output beam was collimated and 
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projected through the dove prism, totally internally reflecting off the upper surface of the prism 

just below the AFM tip.  The objectives used with this setup, a Zeiss A-Plan 5x/0.12 Ph0 and a 

Zeiss Epiplan 50x/0.50, must have long focal lengths in order to focus on the top surface of a 6 

mm thick dove prism.    The center of the field of view in the focal plane of the light microscope 

serves as the reference point for alignment of all other experimental components of the EW-

AFM.  

 

 

Figure 4.4  A. Top view of the AFM-Inverted microscope interface built to accommodate 
a dove prism.  The aluminum interface plate is inset into the microscope stage and can be 
translated in the x and y-directions and rotated about the objective axis using the three 
micrometers.  The laser was launched from an optical fiber output coupler mounted on a 
3-axis translation stage, with a fourth elevation axis for setting the incident angle.  The 
optical fiber output coupler was mounted separately, to the side of the light microscope.  
The laser beam was focused on the entrance face of the dove prism mounted beneath the 
fluid cell in the interface plate.  

 

The AFM head was mounted to a base plate that was designed to translate on the surface of the 

inverted microscope stage by using three micrometers.  Teflon pads were used to support the 

AFM base plate which was translated in the x and y directions using two micrometers.  A third 

micrometer served to control rotation of the AFM plate about the center axis of the microscope 

objective.  One drawback of this system was the inability to translate the prism independently 

from the AFM.  This is necessary to select an ideal surface for EW-AFM experiments.  Scatter 

from defects or particulate matter stuck to the prism surface increases the background scatter 

and may cause a sinusoidal oscillation of the ∞I  data at large separation.  Ideally, one would 

like micron-scale x and y-control of all three components of the EW-AFM system (the AFM 

position, the prism and the laser).   
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Figure 4.6   EW-AFM with the Molecular Imaging AFM.  The optical fiber used to guide 
the laser beam into the dove prism can be seen in the background.  The laser output 
coupler is mounted on an optical post to the left of the light microscope. 

 

The filter sets used for setup and alignment consisted of a 1.3 OD neutral density filter and a 

50% transmission mirror mounted in the 45º mirror holder.  Once the AFM was aligned with the 

objective axis, and the AFM diode laser (670 nm) was aligned with the AFM cantilever, a 514 

DF20  laser line filter (514 nm band pass with 20 nm line width from Omega Optical, Battleboro, 

VT) was placed in the beam path before removing the 45º mirror and neutral density filter to 

shield the CCD, PMT, and user from direct exposure to the 670 nm diode laser. 

 

The fluid cell was designed with the capacity to add or change the solution during an 

experiment without disturbing the alignment of any mechanical components.  Two small 16
1  

inch  ports were machined into the Teflon fluid cell to accommodate Teflon tubing for exchange 

and filling of the EW-AFM fluid cell.  Fluid exchange was accomplished using glass syringes 

used in a push-pull setup or through a single port by alternately filling and emptying the cell.  

The prism was clamped in place beneath the AFM stage and sealed against the underside of the 

Teflon cylinder that served as an open fluid cell for aqueous experiments.  
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Figure 4.5   Bottom view of the dove prism mounted beneath the AFM interface plate.  
The Teflon tubes used to flow solution through the cell without disturbing the alignment 
are visible. 

 

4.4 Laser Table Setup. 

A floating laser table was used to support the Coherent Enterprise II model 610 multi-line  

argon-ion laser.  This particular laser does not include any provision for selecting the 514 nm 

line from the 488 nm  and 457 nm lines present in the output beam.  The 514 nm line was 

selected by dispersing the laser beam using an equilateral flint glass prism (Melles Griot, Part 

No. 01-PEH-010), followed by an iris to spatially block all other lines.  Figure 4.7 shows the 

layout of the initial setup used, and an improved setup which reduced the number of 

components to reduce vibration related intensity noise and limit drift from laser pointing 

instability. 
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Figure 4.7  Argon-ion laser table setup. Two configurations used to couple the argon-ion 
laser into the optical fiber are shown. The first setup (left) separated the laser into its 
component lines at the optical table using a dispersing prism, prior to the fiber input 
coupling.  In the latter setup (right) the extra lines were filtered off at the fiber output 
coupling, where the power level had dropped to about 25% of the power level coming 
directly from the laser head.  The lower power level at the output end allowed the use of 
laser line filters instead of a dispersing prism.  The dispersing prism tended to waste 
about 30% of the laser power from reflections off the prism surface.  The second setup 
reduced amplitude noise from vibration and laser pointing instability. 

 

Precision five axis, single mode optical fiber couplers (Newport Corp. Part No. 561-XYZ, 561-

XYZ-LH, 651-TILT and F-1015) for FC connectorized optical fibers with two Newport M20x 0.40 

NA objectives were used to couple the laser into and out of the fiber.  Three meter lengths of 

single mode optical fiber from Newport fitted with FC connectors were used to connect the 

input and output fiber couplers.  A single mode optical fiber was used to maintain the high 

quality TEM 00 beam profile from the laser.  A polarization maintaining optical fiber (Part No. F-

SPA) and standard fiber (Part No. F-SA) were used to guide the laser light to the output 

coupler.  The standard fiber was effective at maintaining a high degree of polarization, but the 

polarization varied between s and p dramatically as a function of optic fiber flex and curvature 

between the two floating tables.  It was not possible to tape the fiber down and maintain 

adequate control of the polarization. A polarization maintaining fiber was used to solve this 

problem.  The polarization maintaining fiber gave us the ability to quickly change polarization 

by rotating the fiber 90º in the output coupler.  Optimal coupling parameters were calculated 

from the laser wavelength, the beam diameter at an intensity of 1/e, and the mode field diameter 

of the single mode fiber.42 
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4.5 Electrical Setup 

The optical scattering was routed to either a black and white Hitachi KP-M32N CCD camera, to 

the ocular, or to a Hamamatsu H9306-05 PMT module.  The video output was connected to a 

FlashBus MV video frame grabber PCI card which was installed in the same computer as the 

AFM control software.  The video grabber was used to observe live video on the computer 

screen during alignment and capture video frames for documentation purposes.  

 

 The Hamamatsu PMT module will accept a 0.175 to 1.100 Volt DC input to control the PMT 

tube gain.  The PMT power (±15V DC) and gain control was supplied by an Agilent 

Technologies Model E-3630A switching power supply.  The output signal is a 0 to 10 Volt range 

(when fed into a 10 KΩ or greater impedance load) and was connected to the Molecular 

Imaging Picoscan 2000 controller “Aux-In” analog to digital converter (ADC) with an input 

impedance of 1MΩ and a bandwidth of 50 kHz.  The Picoscan software was configured to 

digitize the analog input from the deflection electronics and PMT detector simultaneously.  This 

BNC connection can be configured by the Picoscan software to monitor current or voltage.   

 

Figure 4.8  Electrical connections between the AFM head, AFM controller, PMT, CCD 
camera and computer. Optical paths are indicated by red arrows, black arrows indicate 
electrical connections.  Shielded electrical connections were used throughout to minimize 
electrical interference. 
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4.6 Experimental Procedures 

4.6.1 Cleaning of Fluid Handling Equipment 

All equipment that contacts solutions used in EW-AFM experiments is cleaned by sonicating in 

a solution of sodium dodecylsulfate and water.  Components and glassware are then rinsed and 

sonicated again in deionized water with a conductivity of 18.2 MΩ per centimeter.  All 

glassware used for solution preparation was free of ground glass type joints, to minimize the 

chance of contaminating the solution with small silica particles which will settle out over time 

and act as small scatterers in TIRM.  All solutions were filtered using 0.22 micron disposable 

filters with luer type fittings.  Gas tight syringes from Hamilton Co. (Reno, Nevada) were used 

since the analyte solutions contact only glass and Teflon.   

4.6.2 Cleaning of Optical Surfaces 

All optical prisms used in the experiment were rinsed with acetone, ethanol, and water to 

remove any residual index matching fluid and oils.  They were then soaked in a solution of SDS 

and lightly scrubbed with cotton tipped applicators with a wiping motion parallel to the laser 

beam direction.  Scratches on the prism surface running parallel to the laser beam are more 

easily avoided with the laser than those that run perpendicular the beam direction.  Following 

the cleaning process, all critical surfaces (spheres and prisms utilized in an experiment) are 

treated with the plasma cleaner at a power level of ~30 Watts with water vapor at a pressure of 

1.0 Torr for a 2 minutes or exposed to ultraviolet light for a period of ~30 minutes to decompose 

any residual hydrocarbons present and generate silanol groups on the glass surface.  

4.6.3 Attaching Spheres to the AFM Cantilever Tip 

Several methods have been used to glue micron diameter spheres to AFM cantilever tips for use 

in force-distance experiments.  In some cases a hot stage with Epon 1004 resin was used.23  This 

same mechanical set-up was used with 24-hour epoxy  and no heat when gluing polystyrene 

and fluorescent spheres to cantilever tips.   

 

Due to the poor mechanical control of this method, and poor visibility during the gluing 

process, a method was developed using the inverted light microscope.  A cantilever is mounted 

in the AFM and spheres are placed on a clean cover slip.  This method allows one to observe the 

gluing process from beneath and to inspect the “business end” of the sphere for flaws and 

asperities prior to gluing.  The inverted light microscope is more stable, offers greater control, 
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and greater magnification than the hot stage. Type 63 UV-cure adhesive from Norland Optical 

is placed on the bare cantilever tip.  Once a suitable sphere is found, the tip is brought into 

contact with the sphere and the glue surface tension will draw it into the gap between the two.  

Before setting the glue with UV light, one may position the sphere relative to the tip using the x 

and y-micrometers on the microscope stage.  Precision z-control is possible using the AFM 

piezo.  After irradiation of the glue for a period of 2 to 3 minutes, the tip is removed from the 

AFM cantilever holder and irradiated for another 4 to 5 minutes to completely set the UV 

cement.  The UV cement is very robust, and spheres are permanently affixed to the cantilever. 

 

           

Figure 4.9  Images captured of three different sphere-tip gluing configurations used in the 
present research.  Immediately after gluing, CCD images of all sphere-tip combinations are 
captured for calibration of the sphere size and documentation purposes.   

 

After the glue-up process, CCD images of each sphere-tip combination are taken for the 

purpose of calibrating the sphere size and cataloging.  These images are also useful for verifying 

that spheres are free of asperities after gluing.  Once glued the spheres can be re-used for 

control purposes or for comparison to others glued in the same or different fashions.  The 

sphere size is calculated by importing an image into Adobe Photoshop Elements, and counting 

the number of pixels across a spheres diameter using the Photoshop graphic tools.  The sphere 

size can then be calculated from CCD images of x,y-calibration gratings taken with the same 

objective and CCD camera.   

4.6.4 Video Calibration of Sphere Size 

The images in figure 10 are of a Digital Instruments 10 micron pitch by 200 nm high AFM 

grating using the Zeiss inverted optical microscope at a magnification of 500x.  Two different 
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CCD cameras have been used to capture live video and CCD images of spheres and 

experiments.  The Sony XC-999 is a color CCD camera with an analog NTSC video output, and 

the Hitachi KP-M32N is a black and white analog NTSC device.  The Hitachi CCD is more 

sensitive to light and has a smaller CCD detector which gives it a greater apparent 

magnification. Calibration values for the two CCD cameras were 193 nm/pixel and 144.5 

nm/pixel for the Sony and Hitachi units, respectively. 

 

      

Figure 4.10  AFM grating images used to calibrate the CCD cameras.  CCD images of a 
Digital Instruments 10-micron pitch AFM calibration grating were used as a reference for 
calibrating the pixel pitch.  The color image on the left was taken at 500X using the Sony 
CCD camera, and the B&W image on the right was taken with the Hitachi CCD. 

4.6.5 EW-AFM Alignment 

Argon Ion Laser and Fiber Coupling Alignment 

Prior to beginning an experiment, the Ar-ion laser was powered up and allowed to warm-up for 

30 minutes to reach maximum stability as suggested by the manufacturer.  The Newport power 

meter was used to optimize the coupling efficiency by monitoring the intensity at the output 

coupler.  Once maximum intensity was achieved, the z-axis of the input coupler was backed 

away from the input objective.  The power level at the output coupler was monitored using the 

Newport power meter and the noise level could be monitored on the oscilloscope.  The noise 

level drops off dramatically relative to the observed decrease in power.  The minimum noise 

level obtainable using this method was ~1.5%. 

 

There is virtually no loss of power at the output coupling, and the only critical alignment factor 

was collimation of the laser beam by adjusting the distance between the objective and FC fiber 

connector using a micrometer.  Fine adjustment of the laser beam diameter was accomplished 

by observing the beam diameter through the microscope 5x or 50x objective.  
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The ability to focus the beam to a very narrow width just below the AFM colloidal probe was 

used to maximize coupling of laser energy into the sphere or when using silicon nitride AFM 

tips.  Focusing the beam also reduced background scatter from stray laser light scattering off 

imperfections in the immediate vicinity of the scattering experiment.  The one drawback to this 

approach is the increased risk of introducing intensity artifacts from slight misalignment during 

an EW-AFM experiment or by non-normal approach of the probe by the z-piezo.  

  

 

Figure 4.11  Gaussian profiles of the Argon-ion laser and DPSS laser.  The blue data is for 
a 532 nm DPSS Laser from CrystaLaser.  The red data is for the Coherent Enterprise II 
argon-ion laser with a narrowly focused beam.  The argon-ion beam width could be 
varied continuously by adjusting the distance between the output coupler and objective. 

 

AFM Alignment 

Visual inspection of the AFM colloidal probe through the microscope with the 5x objective was 

sufficient to verify proper alignment. At this point the 670 nm laser of the MI used to monitor 

cantilever deflection was turned on and aligned.  A 1.3 OD (5% transmission) optical filter was 

placed in the scattered light path (32 mm diameter filter holder) to protect the user and video 

camera from damage, and the laser was aligned onto the AFM tip by observing the output of 

the CCD camera on the computer screen. 
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4.7 PMT Gain Setting 

There is a variable gain on the PMT.  The gain must be set to observe a true ∞I  without 

exceeding the a PMT’s maximum output of 10.0 volts when the sphere is in contact with the 

surface at an intensity of 0I .  One must be able to observe a change in voltage associated with 

the background scattering when the laser is switched on and off, otherwise the ADC is not 

recording a true ∞I  value.  Setting the gain too low (an 0I  of 1.00 Volt for example) wastes 

ADC dynamic range.  The optimal gain setting allows for observation of a true ∞I  and has an 

0I  value between 7 to 9 V. 

4.8 Data Acquisition and Data Parameters  

The following is a list of parameters pertinent to an EW-AFM experiment.  A standardized 

worksheet was used to keep track of all parameters for each experiment and to avoid 

oversights.  

 

Laser and Optical Fiber Parameters 

• Fiber input power (measured with Newport power meter) 
• Fiber output power  
• Beam width at the point of total internal reflection 
• Water cooling pressure at the inlet port was ≥ 20 psi 

 

Light Microscope Settings 

• Optical table suspended by bungee pulley system 
• Optivar magnification setting (1.0x or 1.6x, usually left at 1.0x to maximize collected light) 
• Total magnification (50x or 500x) 
• Microscope power off (I kept the main power off to avoid picking up 60 Hz noise from 

the microscopes power supply transformer) 
• Focal plane during data collection (usually at the prism surface or at maximum intensity) 
• Percent light to PMT (50% or 100%) 
• Correct filters in light path 
• 45º Mirror out of light path 

 

PMT Settings 

• PMT gain control voltage ranges between 0.175V and 1.100V (potential applied to 
dynodes is 1000x gain voltage) 

• Power supply voltage was set at ±15.0 Volts 
• Check that PMT gain was set at optimal value for the maximum and minimum light 

levels 
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Software settings that were used to collect data using the MI are listed below. 

• Data logging of second A/D converter enabled (Aux-in BNC) 
• Number of data points (typically 2000 or 2048 for the MI system) 
• Scan range 
• z-Scan time (typically 1 to 10 seconds) 

 

4.9 Data Analysis 

4.9.1 Introduction 

 

The EW-AFM was developed to overcome some of the deficiencies in AFM, primarily the lack 

of a method to directly observe probe-surface separation.  The SFA relies on interferometry to 

determine absolute separation between two crossed cylindrical mica surfaces and TIRM relies 

on the scattering intensity of a dielectric sphere immersed in an evanescent wave to determine 

distance.  The EW-AFM takes advantage of the intensity method used in TIRM to determine 

absolute separation between the sample surface and probe.  Because the EW-AFM is equipped 

with multiple detection systems the probe-surface separation and force applied at any given 

separation can be calculated from the optical lever and Δz data or from the evanescent scatter 

and Δz data or ideally absolute separation is calculated from the evanescent scatter data and 

force is determined directly from the optical lever system.  Table 4.1 is a brief overview of the 

three possibilities that may be used to determine force and separation based on the two separate 

detection mechanisms.   
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Table 4.1  Two detection systems used in the EW-AFM.  Calculation of force and separation using either 
the optical lever system or the evanescent wave scattering system or both systems simultaneously.  Force 
and relative separation can be determined using the optical lever system alone (Case 1).  Absolute separation 
and force can be calculated using the EW scatter system alone under ideal circumstances (Case 2).  The 
best option is Case 3, absolute separation is calculated from the EW scattering system, and force is 
determined directly using the optical lever system. Δz is the relative displacement of the z-piezo obtained 
from the applied voltage or from the linear variable differential transducer (LVDT) feedback system. 

 

 
 

Force and relative separation can be determined using the optical lever system alone (Case 1).  

Absolute separation and force under ideal circumstances can be calculated using the EW scatter 

system alone (Case 2).  The best option is Case 3, Absolute separation is calculated from the EW 

scattering system, and force is determined directly using the optical lever system.  These three 

analyses are discussed in detail in section 4.9.3. 

 

Molecular Imaging Picoscan software was configured to write all data to disk as a delimited text 

file.  Data analysis was automated using Matlab programs, see Appendix 15.1 for Matlab code. 

4.9.2 EW-AFM Force Curve Analysis 

The EW-AFM obtains simultaneous force (voltage from position sensitive photodiode) and 

distance (voltage from optical scattering collected by the PMT) information.  The z-piezo 

displacement data collected using the MI system is an implied change in distance based on a 

linear function that relates ΔVoltage applied to the z-piezo to Δz.  Figure 4.12 shows the raw 

deflection and raw PMT intensity data as it was digitized with respect to translation distance. 
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Figure 4.12  AFM deflection raw data and evanescent scattering intensity raw data 
plotted with respect to z-piezo displacement.  For all force curves, the data is presented 
with zero separation at the left hand  side, the data is logged from right to left on 
approach, and left to right on withdraw.  The z-displacement is arbitrary and falls in the 
range of -1075 to 1075 nanometers for the MI AFM. 

 

The force curve analysis for EW-AFM is similar to that used in conventional AFM43 with the 

exception of treatment of the post-contact optical data and the need to baseline correct the AFM 

deflection data in the zero-force range.  Deflection data collected using optical lever method can 

have an arbitrary voltage offset and the zero-deflection data may have a non-zero slope.  A 

linear regression of the deflection data over the zero force range is calculated and subtracted 

from the entire raw deflection data set. 
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Where )(zDbl  is the baseline corrected deflection data and D(z) is the raw deflection data.  The 

z-displacement calculated by the AFM is z(v) and will be represented simply as z hereafter. 

zfΔzΔD(z) is the linear regression slope between zero force regions I and II, zfb  is the intercept 

from the linear regression.  The conventional approach when correcting for deflection offset is 

to subtract an average of the deflection data near the point of contact and subtract that scalar 

value from the entire deflection data set.  This approach is acceptable as long as the baseline 

region has a zero slope, experimental baseline regions often have a small positive or negative 

slope.  This error normally does not influence the final force with respect to distance curve 

analysis used in typical AFM applications, but it will have some effect on the evanescent decay 
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profile curves, which are referenced to the AFM separation data over a range of 400 to 600 nm 

prior to the point of contact. 

 

Typically, one calculates a mean value for the zero deflection parameter just prior to contact. 
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When baseline correcting the deflection data, there is no need to calculate a zeroD , since it should 

be near zero by default.  The following equations assume that the data has been baseline 

corrected, and a that the value of zeroD  is near zero.  zeroD  has been left in the equations for 

clarity, provided one chooses to omit the baseline correction procedure. 

 

A second regression over the constant compliance region is calculated to determine the optical 

lever sensitivity, which is calculated from the linear deflection with respect to z-displacement 

after the tip or sphere has made hard contact with the sample surface. )(zDblΔ  is the change in 

the deflection signal volts as the piezo translates a distance of Δz  in nanometers.  The constant 

compliance subset of the deflection data is characterized by an equal and opposite deflection 

response from the optical lever system for an equivalent change in the z-piezo displacement.  

The linear regression slope over the constant compliance region is ccm . 
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Cantilever deflection in nanometers can be determined from the optical lever sensitivity, and 

the baseline corrected deflection data. 
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Given either a specified force constant, k, or an experimentally determined one, the force can be 

calculated as a function of the cantilever deflection with respect to separation distance. 

)()( zDkzF cantcant ⋅−=                 (4.5) 

Up to this point, calculation of deflection and force is done using the baseline corrected z-

displacement data.  The z-displacement data does not correspond directly to the actual 

separation distance between the surface and the AFM tip or probe.  One must account for the 
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cantilever deflection and a fixed offset, to bring the deflection data into register with the actual 

distance separating the AFM probe and surface plane.  zeros  is the constant needed to shift the z-

displacement values so that they correspond to actual separation distances.   
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The actual separation for the entire force curve is calculated from the relative z-displacement , 

cantilever deflection, and the zero separation value. 

zerocant szDzzs −+= )()(            (4.7) 

In the EW-AFM experiment, the scattered light intensity, after hard contact with the interface, is 

of interest for the sake of monitoring an experiment for artifacts or abnormal scattering.  To 

facilitate this need, the separation calculation is split into two domains, region I after hard 

contact has been made, and region II prior to hard contact.  Data in region I have a separation 

value of zero, and the intensity should be constant at 0I .  After the probe makes hard contact 

with the surface, the evanescent scattering data (typically 100 to 250 data points) tends to get 

plotted at the point of s = 0 and I(s) = 0I .  By breaking the separation data into two regions it is 

possible to assign negative distances to the optical intensity data that corresponds to the actual 

distance translated by the z-piezo.  Assigning negative separation distances to the scattering 

intensity after hard contact allows one to observe any changes in 0I  as a function of applied 

force. 

2)(' cczzvs −=           (4.8) 

The value of cc2z  is a member of the data set used in the constant compliance regression closest 

to the “point of contact” marked by the red triangle in figure 4.13.   
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Figure 4.13  Raw deflection is plotted with respect to piezo z-displacement.  Zero 
deflection regions I and II are used to make a baseline correction.  The data used to 
calculate the optical lever sensitivity or the constant compliance regime is shaded.  cc2z  
always coincides with the constant compliance limit nearest the contact point.  This point 
serves as the onset of hard probe-surface contact. 

 

 

Figure 4.14  Cantilever deflection plotted with respect to AFM separation in nanometers.  
The correction for cantilever deflection and a fixed offset, szero, have been applied to the 
raw z-displacement data. 
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4.9.3 Analysis of Evanescent Scattering for 0 < s < ∞ 

The decay profile for an evanescent wave with respect to distance normal to the interface 

should decay exponentially, with the scattering most intense when the surface-probe separation 

equals zero.  One must determine the scattering intensity when the AFM probe contacts the 

surface, 0I , and at an infinite distance, ∞I .  Note that all optical scattering intensity data is 

plotted and analyzed with respect to AFM separation distance, s, calculated from the AFM 

deflection and z-displacement data when determining scatter for distances of s greater than 

zero. 

  

 

Figure 4.15  Raw PMT output has been plotted with respect to z-displacement to show 
the data regions used for the optical analysis. contactI  data is taken starting at point cc2z  

from figure 4.13. ∞I  data consists of an average of ~250 data points in the tail region. 

 

∞I  is the mean of the data at “infinite” separation, which is typically greater than eight decay 

lengths or s > 750 nm.  0I  is calculated from a mean of the raw intensity data after hard contact 

minus ∞I .   

∞−= III contact0      (4.9) 

The scattering intensity with respect to AFM separation is corrected for the background scatter 

and is given in equation 4.10 which has been normalized to the intensity at contact, and 

equation 4.11 which is un-normalized. 

 



 41

0

)(
)(

I
IsI

sI raw ∞−
=        (4.10) 

∞−= IsIsI raw )()(      (4.11) 

Figure 4.16 shows a close up of the data used to determine ∞I (black) and serves to verify that 

the ∞I value is a reasonable sample of the data at large separation. 

 

 

Figure 4.16  PMT voltage plotted with respect to z-displacement at “infinite” separation. 
PMT voltage after subtraction of the background voltage with respect to z-displacement 
is plotted to verify that the parameters used to select the ∞I data actually represent a 

viable ∞I . 

 

Figure 4.17 was included to illustrate the difference between optical scatter data plotted before 

and after correction for cantilever deflection.  The corrected data is shifted to greater distances 

because there is a repulsive force that pushes the probe away from the prism.  When using glass 

or polymer spheres as probes, neither the AFM deflection data nor the optical scattering data 

indicate an abrupt contact between the probe and surface.  Silicon nitride AFM tips and gold 

coated AFM tips both show a very abrupt plateau in the scattering intensity as they make 

contact with the surface.  This difference may be attributed to the increase in surface area and 

lower force per unit area when using spheres.  The optical scattering method is much more 

sensitive to separation at distances close to the surface than the AFM deflection system.  When 

using spheres as the scattering probe.  The AFM deflection data often appears linear, while the 

I(s) scatter will not have reached a constant value of 0I . 
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Figure 4.17  Scattering intensity plotted with respect to both raw z-displacement (black 
data) and AFM separation (red data). This plot serves as a check of differences resulting 
from deflection, and to compare the 0I  region before and after the AFM separation 
calculation.  The red curve should rise to the point of hard contact and then plateau at 

0I . 

 

Taking the natural log of the scattering intensity data with respect to AFM separation will 

reveal the exponential nature of the data.  The decay length of the experimental system is 

determined from the natural log of the decay data. 

s
sId )(ln−=               (4.12) 

)exp(bT0 =           (4.13) 

The theoretical penetration depth, d, can be determined using equation 3.17.  The intercept, b, 

determined from a linear regression far from contact (usually between 150 nm to 300 nm) is 

used to determine a theoretical contact intensity, 0T .  In some cases the natural log plot of 

intensity with respect to AFM separation deviates from exponential behavior as the probe 

approaches the surface.  A linear regression of the data, starting at one to two decay lengths 

from contact is the accepted procedure for determining the slope (and hence the decay length) 

and 0T  in such cases.44-46  
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Figure 4.18  The natural log of the intensity data with an applied background correction  
is plotted with respect to AFM separation.  The inverse of the regression slope reveals the 
penetration depth, d.  This particular data set was taken with Tip No. 005, a five micron  
borosilicate sphere glued beneath a tipless AFM cantilever.  The experimental decay 
length is 76.6 nm and the theoretical value is 79.6 nm.  The post contact data (negative 
AFM separation distances) is not used in the regression, but included for the sake of 
comparison to earlier data. 

 

 

Figure 4.19  Fractional deviation is plotted with respect to AFM separation.  This plot is 
used to observe deviation from pure exponential decay between the point of contact to a 
distance of about four decay lengths, typically 500 to 1000 nm. 

 

It is difficult to determine the degree of fit between the theoretically expected curve and the 

experimental curve from a plot like figure 4.18.  To facilitate observation of the deviation , we 

have defined the fractional deviation.  The fractional deviation plot was used as a systematic 
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method of quantifying deviations from exponential decay with respect to probe-surface 

separation.  

1
)/exp(

)( −
−

=
dsT

sI DeviationFractional
0

       (4.14) 

A running decay length was calculated from a sliding subset of the [ ])(ln sI  data, typically 

about 50 data points, which corresponds to a distance of ~20 nm.  This information was used to 

visualize subtle changes in the decay length and to aid in selection of the optimal linear 

regression limits when calculating the decay length and intercept. 

 

 

Figure 4.20  The running decay length plot is based on the data from figure 4.17.  A  
linear regression is applied to a sliding subset of the intensity data with respect to AFM 
separation, typically about 25 data points.  This data shows local decay trends and is 
used to judge the noise level of the data, to monitor for periodic noise and for 
instrumental artifacts.  It is also used to select the start and stop points for the decay 
length linear regression.  See equation 4.11 and figure 4.18. 

 

4.9.4 Analysis of Evanescent Scatter for s ≈ 0 

The EW-AFM was used to determine the thickness of an adsorbed 

hexadecyltrimethylammonium bromide (C16TABr) bilayer on fused silica using both AFM 

deflection and EW scatter data.  Three different deflection with respect to separation analyses 

are demonstrated below from the Δz-displacement data, optical lever deflection data and 

evanescent scattering data.  First, the typical AFM force curve analysis will be discussed.  

Second, deflection is determined from the AFM optical lever method and separation is based on 
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evanescent scatter.  The third method uses the evanescent scatter data to determine separation 

and deflection (ultimately force) is calculated from both the evanescent scattering and Δz-

displacement data. 

 

 

Figure 4.21  Cantilever deflection based on optical lever and evanescent scattering 
methods  plotted with respect to AFM separation.  The three data sets shown are based 
on two detection schemes, the jump in is the result of an adsorbed C16TABr surfactant 
bilayer.  Optical lever deflection data is used to calculate deflection for the AFM (blue 
circles) and EW-AFM analysis (red diamonds).  Separation for the AFM data is 
determined from the z-displacement information with a cantilever deflection correction.  
The EW-AFM separation is determined from the product of the experimental decay 
length and the instantaneous evanescent scatter data.  The SFA deflection is explained in 
section 4.5.3.3 and the SFA separation is the same data used for the EW-AFM separation. 

 

4.9.4.1 Typical AFM Force Curve Analysis 

Cantilever deflection, and hence the force applied, is calculated from equations 4.3, 4.4, and 4.5.  

The deflection data serves the dual purpose of correcting the translation data and for calculation 

of force applied between AFM tip or spherical probe.  Figure 4.22 shows the deflection data 

(blue circles) from a conventional AFM force curve experiment. 
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4.9.4.2 Calculation of Force from Cantilever Deflection with Absolute Separation from 

Evanescent Wave Scattering 

The separation distance between the probe and prism surface, evs , can be determined based on 

the decay length, d, the instantaneous scattering data, I(z) and the scattering intensity at contact, 

0I .   

d
IzIzs 0

ev −
−= ln)(ln)(         (4.15) 

Cantilever deflection calculated from equation 4.4 is plotted with respect to separation from the 

evanescent scatter, equation 4.14 and is plotted in figure 4.21 (red ◊). 

4.9.4.3 Obtaining Force and Separation Data Strictly from Evanescent Scatter and Piezo 

Translation Data (The SFA Analysis) 

Deflection of the cantilever can also be determined strictly from the evanescent scattering data, 

)(zsev  and the raw piezo translation information, z, provided the scattering is perfectly 

exponential and the only forces acting on the cantilever are surface forces.  The evanescent 

scattering from the cantilever mounted probe will record a separation change that is equal to 

the displacement of the z-piezo.  evΔs  calculated from the evanescent scattering should agree 

with Δz  incremental changes in distance.  Differences between these two measurements are 

attributed to cantilever flex.   

offsetevsfa szzszD +−= )()(           (4.16) 

)(zDsfa  is the cantilever deflection calculated using the Surface Forces Analysis method, where 

z is the raw z-displacement data, and evs (z) is the separation based on the evanescent data.  

offsets  is a constant used to bring the z(v) data from the piezo translation into register with the 

evanescent data.  
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Figure 4.22  Sev separation is plotted with respect to raw z-displacement.  The AFM tip 
position determined from evanescent scattering should reflect the same incremental 
offset as the z-piezo data.  Any difference between these two data sets is attributed to 
cantilever flex, Dsfa, as labeled in the figure. 

 

Deflection based on the SFA analysis, )(zDsfa ,  is plotted with respect to )(zsev in figure 4.22 

(black +).  Analysis using the SFA method tends to be noisier than the other methods since noise 

from the )(zsev data is incorporated into the deflection and separation values.  Any drift during 

the measurement will be interpreted as cantilever deflection and error in the selection of ∞I  will 

result in a systematic deflection error.   
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5. INSTRUMENT NOISE, STABILITY, AND ERROR 

Early experiments conducted using the Molecular Imaging EW-AFM system suffered from 

severe optical and electrical noise.  It was clear that if the instrument was to attain sub-

nanometer precision in z-separation experiments as originally proposed, it would be necessary 

to eliminate or reduce a myriad of noise sources.   

 

This section is divided into two main parts, the first of which deals with noise sources that 

influence instrument precision and ultimately limit the distance the instrument can reliably 

resolve and the separation precision attainable when feeding back on the scattered near-field 

optical signal.  The second portion deals with systematic error, and discusses some 

instrumentation and optical issues that may influence the accuracy of optical measurements 

based on scattering of evanescent waves. 

5.1 Sources of Noise  

The initial EW-AFM was built using an argon-ion laser as the light source, and a TIR dove 

prism with its associated optomechanical hardware which was sandwiched between a Zeiss 

inverted light microscope and a Molecular Imaging AFM.  The laser light was fed to the 

combined AFM and light microscope assembly by an optic fiber coupling.  This section on noise 

addresses a list of harmonic and white noise sources that were severely limiting the precision of 

the initial instrument.  Lessons learned and results of noise tests on the initial experiments were 

considered when determining the optical and mechanical layout of the second instrument built 

around the Asylum Research AFM.  The second instrument was a vast improvement over the 

first, which is due to many of the mistakes made on the first instrument.  The Asylum Research 

Instrument meets the level of precision specified in the proposal.  

5.1.1 System Wide Noise Assessment 

Initial EW-AFM force curves had a noise level close to 25% of the 0I  intensity  and a 

background intensity that was one half of the total signal.  One method used to reduce the 

effects of high frequency noise was to use slow approach and withdraw rates.  The low scan rate 

(100 nm/s) increases the time interval sampled for each data point and allows the higher 

frequency noise to average itself out. This was a crude method of noise reduction, but it was 

useful to some degree.  Force curves were typically collected over a 10 to 20 second time period.  

Long force curves tend to suffer from drift and mechanical vibration issues or from spurious 
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intensity jumps in the argon ion laser intensity. It was apparent that the instrument was 

functioning well below the level of performance necessary to conduct experiments on the 

nanometer scale, or to acquire data with better precision and accuracy already accessible using 

traditional AFM technology.  The noise levels in the optical data are much noisier than the data 

collected using the cantilever deflection signal in figure 4.22.  

5.1.2  PSD Signal Analysis 

An optical power meter was used in conjunction with an oscilloscope to observe optical 

intensity in real time.  Using this set-up it was possible to observe the peak-to peak amplitude 

noise and determine the frequency component of the largest noise components.  This method 

was tedious and time consuming, because it relied on trial and error to locate noise sources.  A 

better method was to generate a Fourier transform of the noise signal for the purpose of 

ascertaining multiple sources of harmonic noise, and overall noise levels in a given signal. 

5.1.3 Optical Train 

5.1.3.1 Argon Ion Laser Intensity Noise 

The argon ion laser specifications state that the unit has a 6% peak-to-peak intensity noise level 

and a long term intensity stability of ~1%. 

 

A comparison between the optical noise of the laser to that observed at the PMT output (figure 

5.2) indicated that the instrumentation was subject to additional noise sources along the optical 

and/or electrical train.  The PSD information in figure 5.1 was used to deduce the source of 

some of the harmonic noise observed at the PMT output.   
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Figure 5.1  Power spectral density of Ar-ion laser at the laser head.  The power spectral 
density (PSD) plot of the argon-ion laser noise measured at the laser head, before it was 
coupled into the optical fiber. Compare figure 5.1 PSD data to figure 5.2 noise levels 
determined at the PMT output. 

 

The bands at multiples of 30 Hz are associated with the line frequency used to power the laser.  

Argon ion lasers are notoriously noisy, and it was known beforehand that this would present a 

problem.  One solution to this problem was to place an electro-optical noise suppression system 

in the optical train between the laser and EW-AFM setup. 

5.1.3.2 Fiber Coupling Issues 

The optical fiber coupling was used to mechanically isolate the water cooled argon ion laser and 

the atomic force microscope.  The initial design considered using a large internally damped 

optical table that could accommodate both the laser and the AFM.  This option was rejected 

because it was questionable whether the optical table could sufficiently damp the vibration 

from the water cooled laser head.  The optical fiber system worked well, but it presented two 

unforeseen issues that were finally resolved by purchasing a small diode pumped solid state 

laser.  The input coupler was exquisitely sensitive to vibration (mid-frequency noise) and the 

laser beam pointing instability affected the coupling efficiency (long term stability issues).  The 

optical table that supported the laser head was of insufficient size and mass to dampen 

vibrations from the laser head.  The noise level was reduced by replacing the five-axis coupler 

with a more robust three-axis version.  Further reduction of the noise level was possible by 

running the laser at 75% of full power instead of the usual 20 to 30%.  An additional reduction 
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of noise could be accomplished by adjusting the three-axis input coupler for maximum 

intensity, and then by backing the input fiber away from the input objective using the z-axis 

micrometer.  The power level at the output coupler was monitored using the optical power 

meter and the noise level could be observed by shunting the power signal over to the 

oscilloscope.  The noise level drops off dramatically relative to the observed decrease in power. 

 

 

Figure 5.2  Power spectral density of scattered light measured at PMT.  The power 
spectral density (PSD) plot of the argon-ion laser noise measured using the PMT at the 
side port of the light microscope.  The difference in noise levels in this PSD compared to 
figure 5.1 are attributed to the optical, mechanical, and electrical noise that is picked up 
by the EW-AFM system. 

 

 The second issue was laser pointing instability.  The input coupler was located about 100 cm 

from the exit port on the laser head and the slightest angular deviation would result in a lateral 

translation of the beam sufficient to move it out of the optimal coupling position. This second 

problem was mediated to some degree by removing the prism and iris used to disperse the laser 

beam into its constituent lines, and placing the fiber input coupler right up to the laser output 

port.  All told, these measures were successful in reducing the amplitude noise to ~2% peak-to-

peak and almost entirely eliminated the lower frequency component due to pointing instability.  

Placing an electro-optical noise eater between the head and fiber coupler was considered as one 

method of reducing the amplitude noise, but the price of the noise-eater was almost as 

expensive as a small DPSS laser.  The DPSS laser has one fifth the noise level of the argon-ion 

laser, has better long term stability and was small enough to mount on the stage of the inverted 

light microscope. 
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5.1.3.3 Ar-Ion Amplitude Noise Compensation 

The Newport power meter was set up to function as a beam stop on the output side of the dove 

prism after undergoing total internal reflection beneath the AFM head.  This configuration 

allowed the laser intensity to be logged simultaneously along side the scattering intensity from 

the PMT and the deflection data from the AFM.  The data was then normalized to the 

instantaneous laser intensity prior to analysis.  The third data channel could be accommodated 

by the MI controller by enabling the ‘Vec’ input intended for electrochemical experiments and 

the AR controller has two spare A/D converters. 

 

Even with all the above modifications, it was apparent that a more stable laser would be needed 

if the EW-AFM were to be useful for imaging applications, where stability and very low noise 

over a period of 8 to 10 minutes may be required.  The data collected with the optical system is 

only as good at the laser’s noise level.  Sub nanometer accuracy in force curves or the capability 

to actively control the spacing between probe and sample over extended time periods would 

require stability and noise levels on the order of a fraction of a percent. 

5.1.3.4 Low Noise DPSS Laser  

Figure 5.3 is a comparison of the noise level between the argon ion laser (blue) and a diode 

pumped solid state laser system (red).  The DPSS Laser was a 75 mW test unit from CrystaLaser 

with an RMS noise level of 0.5% (measured from 10 Hz to 50 MHz) and a stability of 0.25% over 

a period of 24 hours.  This laser was mounted in the same three-axis mechanical support used to 

support the optic fiber output coupler. 
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Figure 5.3  Time domain noise signal sampled at the PMT signal lead over a two second 
period.  Data shown is for two laser systems, the argon-ion laser (blue), and a 75 mW 
DPSS CrystaLaser operating at 532 nm.  Both lasers utilized the same optomechanical 
equipment and detection system.  The diode laser has a peak-to-peak noise level about 
one fifth the argon ion laser.  

 

The test was set up using the same parameters applied to an actual experiment.  The laser beam 

was launched through the dove prism, and a single glass sphere stuck to the prism surface was 

used to scatter the evanescent wave.  Scattering from the sphere was collected in the same 

fashion as a typical EW-AFM force experiment.  The noise level observed at the PMT output is 

the sum of all noise sources in the optical detection system, with the exception of thermal and 

mechanical vibration of an AFM cantilever mounted sphere, which was absent in this test.  The 

data in figure 5.3 shows the noise level in volts for both lasers operating at 75 mW. 

 

Figure 5.4 is a power spectral density comparison of the time-domain data in figure 5.3.  This 

plot shows a dramatic reduction in noise observed at the PMT output just by changing the laser 

source over to the DPSS unit.  It shows that the argon-ion optical train was responsible for a 

large portion of the noise present in the system.  The DPSS laser shows no distinct harmonic 

frequencies, and the noise level is almost an order of magnitude less than the argon-ion system 

and associated optical train.   
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Figure 5.4  PSD of the data shown in figure 5.3.  The decrease in noise level by replacing 
the argon-ion laser (blue) with a DPSS laser is immediately apparent.  This demonstrates 
(in conjunction with figure 5.1 data) that most of the noise observed is a result of the 
optical train associated with the argon-ion laser. 

 

The noise in this region of the spectrum degrades force curve data when it is acquired over a 

period of 1 to 2 seconds with the ADC sampling window set for several milliseconds.  Noise in 

this region is also detrimental when the optical scatter is used in the z-height feedback system, 

which continually monitors the optical signal and adjusts the z-height to null any difference 

between the set-point voltage and actual PMT voltage at any given instant.  Spurious noise will 

be  misinterpreted by the feedback system as change in the probe-TIR surface separation.  Low 

frequency noise up to about 4 kHz is undesirable, and needs to be eliminated or filtered as 

much as possible. 

5.1.3.5 DPSS Long Term Stability 

Force curve data acquisition requires the laser stability to be constant over a period of only a 

few minutes.  If feedback on the evanescent wave scatter is going to be used for control of the 

probe-surface separation in real time, intensity fluctuations will be one of several limiting 

factors on the ultimate sensitivity accuracy of the system.  Intensity fluctuations will be 

misinterpreted by the feedback electronics as a perturbation in the probe-surface separation. 

 

The typical time required to capture a 512 line image scanned at 1 second per line is 8½ minutes.  

Any fluctuation in laser intensity during the time required to capture an image will distort the 

image at best, and result in collision of the tip with the surface when operating in EW height 
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feedback mode (feedback on the optical scatter) if there is a decrease in laser intensity once the 

height is set.  In order for EW-AFM imaging with height feedback to be of any value for a 

detection of surface forces, the probe-surface distance must be within ~10 nm of the surface, and 

have a height error of only ±2 nm at worst.   

 
 

Figure 5.5  Long term laser stability for Ar-ion and DPSS lasers.  Long term laser 
intensity data taken at the PMT signal connection for both laser systems using the same 
setup as in figure 5.3, argon ion (blue) and DPSS (red).  The stability shown is the sum of 
all components in the system (laser stability, opto-mechanical equipment, optical 
alignment, and detection stability).  

 

The DPSS laser performs much better in this respect than the argon ion setup, but still showed 

an instability of about 2% with respect to the output power over a period of 16 minutes when 

measured at the PMT.  This data was collected using the same setup for collection of the time 

domain noise data in figure 5.3. 

5.1.3.6 Light Leaks 

The EW-AFM photometric system and the MI deflection detection systems are both sensitive to 

ambient light.  Despite attempts to minimize infiltration of ambient light into the Zeiss 

microscope optical train, the data collected at the PMT contains a 60 Hz component if the 

fluorescent lights in the lab are left on.  The system is especially vulnerable to ambient light if 

the ocular path is left open, and the PMT/ocular selector is left on 50% PMT, 50% ocular 

position.  Even when the Zeiss microscope is set to 100% PMT with the ocular light path closed, 

the system is still sensitive to light from the room.  This problem was solved by turning off all 

lights when collecting data, and installing black-out curtains on the windows.   
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The cantilever deflection photodiode on the MI AFM is also sensitive to 60 Hz noise from 

fluorescent fixtures used for lighting.  This problem was solved by turning the lights off when 

collecting data.  Cathode ray tube monitors were eliminated from the laboratory since they also 

are a source of periodic optical noise.   The LCD flat screen monitors used in the lab do not 

produce any detectible noise in the photometric detection systems used in the AFM or the EW-

AFM optical train. 

5.1.3.7 Mechanical Noise 

The original EW-AFM built around the MI AFM suffered from a host of mechanical vibration 

and oscillation issues.  These issues are listed below, and are of interest because they were 

factors that limited the precision of the first generation EW-AFM.  

 

Atomic Force Microscope 

The atomic force microscope is susceptible to mechanical and audible vibration.  A 2½ by 3½ 

foot optical table was used to support the EW-AFM inverted light microscope and AFM 

combination.  The entire EW-AFM microscope and optical table are suspended by four sets of 

bungee cords (each set containing five strands of ¾-inch bungee cord), with one set at each of 

the four corners.  See Figure 4.6.  This set-up was sufficient to isolate the EW-AFM from most of 

the low frequency building noise.  Despite the elaborate bungee system, there was a noticeable 

reduction of noise in the AFM deflection data when it was collected in the evening or nighttime 

hours.  Some of this noise may be audible noise, as no sound damping cabinet was used. 

 

The Zeiss microscope power supply contains a 60 Hz AC/DC transformer.  If the low-voltage 

HAL illuminator is left on during an experiment, there is a chance that the AFM will pick up the 

60-cycle hum from this transformer.  As a precaution, the microscope main power was always 

switched off when collecting data. 

 

Optical-mechanical Components 

The optical-mechanical equipment used to couple the argon-ion laser to the EW-AFM light 

microscope via a single-mode optical fiber was the major source of noise in the optical train.  

The combination of a water-cooled laser head, mounted on the same optical table as the input 

fiber coupler was the primary problem with this setup.  Placing the optical table on an air-
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flotation system helped isolate the input fiber coupler from building vibration and dampen 

some of the laser noise as well. 

 

A 3-axis support system was built from a Newport  x,y-translation stage and a 10-inch stablerod 

to support either the output fiber coupler or the DPSS laser head.  The fiber-output 

coupler/DPSS laser was mounted on top of the stable-rod by a rotation stage, which was used 

to set the incident angle for the TIR prism.  This optical-mechanical system had a resonant 

frequency of ~150 Hz that was difficult to dampen or eliminate.  See figure 4.6. 

 

Argon-Ion Laser Power Supply 

The high volume cooling fan on the laser power supply produced a lot of audible noise, and 

was located within a meter of the AFM.  The argon ion power supply also had the tendency to 

warm the room up enough that the air-conditioner was constantly cycling on and off to keep 

the room temperature at a tolerable level.  These noise sources were nuisances when collecting 

data. 

5.1.4 Electric and Magnetic Fields 

Argon-Ion Laser Power Supply 

The argon-ion laser head and power supply are the source of some strong electric and magnetic 

fields.  The noise level on the PMT signal voltage output line was a high as 1.5V with only a 5 to 

7V signal.  PMTs are very susceptible to electric and magnetic fields if they are not shielded.  By 

moving the laser head and power supply as far from the PMT as possible the noise level in the 

PMT signal was reduced about 4 fold.   

 

Agilent Technologies PMT Power Supply Noise 

A triple DC power supply from Agilent Technologies was used to provide ±15 Volts to the PMT 

electronics and a third circuit was used to supply the PMT gain control potential.  The Agilent 

power supply is a switching-type power supply and it has a  high frequency ~1 mV ripple 

superimposed on the DC output.  The power supply also served as an antenna to funnel 

electrical noise picked up from the laser head directly into the PMT circuitry.  The use of an AC 

power supply was abandoned, and ±12 Volt power was supplied by a set of 12 amp-hour gel 

cell batteries.  PMT control voltage was supplied by a small resistor dividing circuit driven off 

the 0 to +12V gel cell.  Wiring connecting the PMT to the ADC and to the gel cells was shielded.  
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The noise level on the PMT output signal was reduced to a level of 2.5 mV with the gain set and 

0.500 V. 

5.2 Systematic Error Part I: z-Piezo Hysteresis 

The EW-AFM built with the Molecular Imaging AFM suffered from piezoelectric hysteresis 

issues when conducting z-distance force curve scans.  Hysteresis was manifest as distorted 

evanescent decay curves and erroneous decay lengths.  These data also perturbed the fractional 

deviation plots, and it was unclear initially, whether the negative fractional deviation observed 

with borosilicate spheres was an artifact related to detector saturation, z-piezo hysteresis, or a 

true representation of optical scattering of a dielectric near a planar boundary.  This section 

discusses how these issues were investigated and how they were resolved.  The discussion will 

be illustrated with raw and analyzed data. 

5.2.1 PMT Saturation Check 

The intensity of the evanescent scattering in some of the early experiments near the interface 

was less than one would expect based on the decay length of data collected far from the surface 

where the evanescent wave was generated.  The observed deviation may have been related to 

local saturation of the PMT cathode. The system was set up to focus the scattering signal onto 

the PMT grid/cathode assembly, and only utilized a small portion of the cathode active area.   

 

 

Figure 5.6  Plot of PMT output with respect to optical power.  This experiment was done 
to check the PMT for linearity under conditions similar to those in an optical scattering 
experiment. 
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The experimental set-up consisted of the laser focused onto a flaw in the dove prism surface, 

and the scattering intensity could be controlled by varying the laser position or power level.  

Light scattered from the flaw was routed to the microscope side port, and measured alternately 

with the PMT and Newport power meter.  The optical power was measured using the Newport 

power meter and silicon detector with no attenuation filters in place.  A plot of PMT output 

with respect to optical power is perfectly linear, which eliminated the PMT as the source of the 

observed negative fractional deviation. 

5.2.2 Piezo Hysteresis 

The Molecular Instruments AFM instrument is a scanning probe design, which uses a 

piezoelectric tube to control motion in the x, y, and z-directions.  The x and y piezo response is 

calibrated against a calibration grid and utilizes a second degree equation to correlate piezo 

response with applied potential.  The linear calibration values for x and y are 137.3  and 143.7 

Å/V, respectively.  The second degree x and y-calibration values are 0.0819 and 0.0518 Å/V2, 

respectively.  The correlation between z-response and the applied potential is determined by 

calibrating against a 40 nm , 100 nm or 200 nm height standard.  The MI 'S' scanner z-calibration 

value was 47 Å/Volt calculated with a 22 nm height standard.  The height calibration is a linear 

function calculated using two points, and does not account for hysteresis or non-linear piezo 

response at the extremes of the piezo travel. 

 

The following three procedures were recommended by Molecular Imaging to minimize piezo 

hysteresis and non-linearity when performing decay length and force curve experiments.   
 

• Use the smallest scan range possible 
• Use a slow scan rate 
• Center the scan range over the z-piezo origin 

 

Even after considering the above conditions, it was obvious that hysteresis and non-linear piezo 

behavior was perturbing the evanescent decay length experiments.   
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Figure 5.7  Raw evanescent scattering data with respect to piezo position showing piezo 
hysteresis.  Lack of correlation between the approach and withdrawal data is an 
indication of hysteresis. 

 

Restricting the scan range was the most effective method of reducing piezo artifacts, but short 

scan ranges were useless when determining decay lengths due to the fact that one must obtain 

an experimental I∞ at least 750 to 1000 nm from the intensity at contact, 0I .   

 

Figure 5.8  Fractional deviation plots for the raw data collected in figure 5.7. Note the 
decay length and fractional deviation disagreement between the approach and withdraw 
data.  

 

The argon-ion laser in use at the time was noisy and unstable, which only compounded the 

challenge of obtaining data near the interface and determining an I∞ value far from contact 
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before the laser intensity changed.  The analysis is incredibly sensitive to the value of I∞.  An 

error of ± 0.5% in I∞  with respect to the I0 intensity will result in an experimental decay length 

error of ± 2 nm.   

 

It was not clear whether the observed non-exponential scattering (negative fractional 

deviations) were a result of piezo hysteresis and non-linearity issues or whether it was an actual 

optical phenomenon.  Several schemes were devised to try and check the optical decay against 

the Debye lengths of weak electrolyte solutions, but the error associated with these experiments 

was excessive, and did not function as a reliable reference as hypothesized. 

 

 Table 5.1.  The decay lengths and standard deviations are listed for data collected 
on 25 November 2003.  This was an attempt to determine what influence scan rate 
had on the calculated decay length. 

Scan Time N Approach  Decay Length Withdrawal Decay Length 
(seconds)  (nm) (nm) 

1 3 72.3 ± 2.2 92.6 ± 4.2 
5 7 77.3 ± 8.2 93.2 ± 6.2 

10 4 73.0 ± 3.0 92.6 ± 3.6 
sTheoretical d (Fused Silica Prism)                  82.5 nm 
Theoretical d(Borosilicate Prism)                  79.6 nm 

 

Up to this point all data was collected using the MI EW-AFM system.  The best solution was to 

purchase an AFM that was equipped with a LVDT feedback system in parallel with the z-

piezoelectric stack which provides relative position information with sub-nanometer accuracy.  
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6. EW-AFM: SECOND GENERATION INSTRUMENT 

The arrival of the Asylum Research AFM with a z-piezo feedback capability prompted a 

redesign of the entire system to overcome some of the shortcomings of the first generation 

design.  Table 6.1 lists the main shortcomings of the original instrument and the changes made 

in the second generation instrument to mitigate or eliminate these problems as much as 

possible.   

 

Table 6.1  A list of the design flaws associated with the first generation EW-AFM.  
Improvements or changes made when designing the second generation system are listed. 

Original Instrument                  
Design Issues 

Modifications Made in the                     
Second Instrument 

• Amplitude noise introduced by 
optical fiber system 

• Eliminate the optical fiber system for laser 
beam delivery 

• PMT picks up HV electrical field 
noise from Ar-ion laser head 

• Replace Ar-ion laser with solid state laser 

• DC power supply for PMT was not 
noise free. 

• ±12 DC power for PMT was provided using a 
pair of 12 amp-hour secondary gel cells. 

• Vibration associated with water 
cooled Ar-ion laser head 

• Use of laser technology that does not require 
forced air or water cooling 

• Vibration of opto-mechanical 
components 

• Minimize the use of optical-mechanical 
components  

• Use a very stable mounting system 
• Beam pointing instability results in 

misalignment and intensity drift 
• Use the shortest optical path length possible  

• Need to have separate x,y control of 
the AFM and dove prism 

• New layout has independent x,y translation 
for prism and laser mount with respect to 
AFM tip 

• MI AFM piezo hysteresis • Asylum Research AFM resolves this problem 
by using a LVDT to determine z-translation 

• Noise reduction system needed • Use of a DPSS laser which is very stable and 
has very low amplitude noise. 

• Stray scatter from nicks and chips 
in prism surface 

• Use of disposable float glass cover slips to 
reduce scatter and protect the dove prism.  

• No functional system to block stray 
radiation from reaching the PMT 

• Inclusion of a variable size aperture in the 
optical path before the PMT to pass only 
scatter from AFM probe. 
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Table 6.2  Strengths of the original instrument design that were retained in the design and 
layout of the second generation EW-AFM. 

Original Instrumental 
Strengths 

Modifications Made in the 
Second Instrument 

• The dove prism system keeps the 
two light paths separate 

• Retained in the new design 

• The prism system does impose any 
optical trapping forces on the tip or 
sphere. 

• Retained in the new design 
• Optical trapping is a severe problem if the TIRF 

objective is used to generate the evanescent wave.  
Optical trapping compromises force measurement 
capabilities. 

• Continuous control of incident 
angle from ~70º to 85º 

• Incident angle set at 2½º increments using 
wedge blocks (70º, 72.5º, 75º, 77.5º, and 80º) 

  

6.1 Use of a LVDT in the Asylum Research AFM to Determine z-Displacement 

The Asylum Research AFM is equipped with a linear variable differential transducer that 

provides an independent measurement of the z-displacement with respect to applied voltage.  

The Molecular Imaging PicoSPM AFM unit used previously assumes a linear response with 

respect to applied voltage.  There are two assumptions made when the change in applied 

voltage is used to report change in displacement.   

 

 

Figure 6.1  An internal view of the Asylum Research AFM showing the laser and 
photodiode in relation to the cantilever.  The entire assembly is translated by a 
piezoelectric stack, z-translation is measured by the LVDT connected parallel to the z-
piezo.  The LVDT has z-distance accuracy of ±0.6 nm.  Illustration provided by Asylum 
Research, manufacturer of atomic force microscopes, Santa Barbara, CA. 
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The first assumption is that the piezo will respond linearly.  This is only the case when the 

travel is small, and it occurs near the center of the piezo’s range of travel.  The second 

assumption is that there is no hysteresis.  In practice, a change in voltage followed by a change 

of the same magnitude with the opposite polarity will not return the piezo to its original 

position.  We tried repeatedly to overcome these problems by scanning at slow rates, restricting 

the scan range to the central portion of the z-piezo’s travel and restricting the scan range, but we 

were not able to obtain reproducible or accurate decay length values from control scattering 

experiments. 

6.2 Optical Train 

6.2.1 Asylum Research EW-AFM Optical Layout 

The laser beam, dove prism, opto-mechanical equipment, and beam stop were mounted below 

the microscope/AFM stage in the first design.  The new microscope stage for use with the 

Asylum Research AFM was fabricated from an inch thick block of stainless steel.  It was 

impractical to alter or machine optical ports into the stainless steel stage.  The best solution was 

to minimize all optical components and fit them on the top surface of the magnetic stainless 

steel stage.  This new layout eliminated all the issues associated with the optical fiber coupling, 

and vibration of the opto-mechanical components used in the previous system.   

 

          
 

Figure 6.2  Laser and scattering paths for the second generation instrument.  The solid 
green line is the laser beam path used to create the evanescent wave at the upper surface 
of the dove prism.  Scatter from the AFM tip is indicated by the dashed green lines.  The 
iris is used to eliminate stray scattering from scratches and nicks in the prism near the 
AFM probe.  The diffuser is used to obliterate any image of the scattering before it 
illuminates the PMT grid. 
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Figure 6.3 shows the actual optical layout with the AFM removed for clarity.  One can see the 

532 nm DPSS laser (Part No. GCL-050-L-0.2L-0.2S, CrystaLaser, Reno, NV) , the two mirrors 

used to steer the beam into the dove prism were purchased from Newport (Part No’s 05D20-

ER1 or 05D20-ER2, Newport Corp., Irvine, CA), and the beam stop at the left-rear of the 

microscope stage (Newport Part No. PL-15).  One must use either silver or aluminum mirrors 

since the incident angle is near grazing, and the mirrors must be clean and scratch free to avoid 

destroying the Gaussian beam profile.  This system is much simpler, less expensive, and more 

reliable than the earlier setup, but all the components had to be custom machined.   

 

 

Figure 6.3  Photo of the AR EW-AFM stage mounted laser train.  Optical train used in the 
second generation instrument constructed on the surface of the Asylum Research AFM 
optical stage.  All components used in this system were miniaturized and custom 
machined for this application.  The DPSS CrystaLaser can be seen at the right of the 
photo, the objective is located below the stage and brass prism holder.  The opto-
mechanical components were machined from brass because it is heavy and does not 
oxidize readily.  

 

All optical components have a three-point contact with the stage to prevent them from rocking.  

If aluminum were used it would be wise to imbed small rare-earth magnets in the component 

undersides to hold them firmly in place and minimize motion or vibration.  The brass 

components are heavy enough that magnets are not needed.  The brass prism holder uses four 

contact points to straddle the objective opening in the stage center and a borosilicate or fused 
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silica dove prism is clamped into the brass prism holder with set screws.  Figure 6.4 shows the 

same optical components in place with the AFM head positioned on top, the beam stop is 

located behind the AFM. 

 

 

Figure 6.4  Photo of the AR EW-AFM stage mounted laser train with AFM in place.  The 
same image as figure 6.2 only with the AFM head in position .  The head can be oriented 
in one of two positions 90º or 180º.  The position shown places the AFM cantilever at and 
angle of 90º with respect to the laser beam and plane of incidence. 

 

The AFM head can be placed over the evanescent wave components in one of two orientations, 

either the 90º orientation shown here, or the 180º orientation with respect to the laser beam and 

plane of incidence.   A pair of white LEDs were mounted beneath the stage and used to 

illuminate the cantilever holder and AFM cantilever to aid with alignment during set-up.   

 

The new system is not as safe as the earlier design simply because the mirrors are located above 

the stage and the opto-mechanical components are machined from brass. The user is more likely 

to encounter stray laser light from prism surfaces or the reflective metal components.  One must 

exercise caution and keep ones eyes out of the plane of incidence when the laser is on, since this 

is where one is most likely to encounter stray beams.  The AFM head serves to block some of 

the stray light.  This hazard could be reduced to some degree by machining all the optical 
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components from 6061 alloy aluminum and then anodizing the components to produce an 

optical black finish or just wearing laser safety goggles. 

6.2.2  Variable Iris to Reduce Stray Scattering 

An iris with a variable aperture from Linos (Part No. 06 1650, Millford, MA) was added to the 

optical train to minimize the amount of background scattering that reaches the PMT.  The 

minimum aperture diameter is 1.0 mm which corresponds to a diameter of 23 microns in the 

microscope field of view.  Care must be taken not to use too small an aperture.  One can 

introduce artifacts by inadvertently rejecting scattered light as the probe nears the surface and 

the scattering pattern grows larger than the iris setting. 

 

 

 

Figure 6.5  Calibration of Linos iris used in optical scattering train.  An iris setting of 1.0 
mm corresponds to an aperture size of ~23 μm in the microscope field of view with the 
50x objective.  The iris is located at the Zeiss microscope side port in the focal plane.   

6.2.3 Addition of a Diffuser to Mediate PMT Grid Effects 

A small 10 mm x 5 mm diffuser was fabricated from a Schott’s D-263 cover slip.  The diffuser 

was cut from a typical cover slip, and one surface was abraded with 1000-grit silicon carbide 

sand paper.  The abraded surface was then exposed to a 48% solution of HF in water for a 

period of five minutes to create very fine etch pits and soften some of the large scratches.  The 

diffuser was placed about 3mm in front of the PMT tube to diffuse the scattered light over a 

larger area of the PMT cathode.  The need for this modification and the artifacts that result 

when a diffuser is not used are discussed in Section 7.7. 
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6.3 Experimental Procedures 

The experimental procedures are similar to those presented earlier under a similarly titled 

section for the MI EW-AFM instrument.  Only changes from the initial experimental set-up 

procedures are listed below. 

6.3.1 Use of Borosilicate Float Glass Cover Slides 

The use of cover slides was adopted in an attempt to reduce the scattering from the dove prism 

surface, and to preserve the “high” surface quality of the dove prism.  0.5 mm thick glass 

Schott’s D-263 Glass cover slips which measured 22 mm x 30 mm were purchased from Erie 

Scientific and index matched to the dove prism upper surface using either Cargille immersion 

oil, type B with nD = 1.515 or Norland index matching fluid (Part No. 9006, Norland Optics, 

Cranbury, NJ).  The Norland fluid was convenient to use, because it was designed to be washed 

off with acetone, whereas the Cargille fluid requires chloroform for clean-up.  The cover-slide is 

clamped against the prism surface with a Dupont Dow Kalrez (Type 8201, Newark, DE) and a 

stainless steel o-ring retainer, see figure 6.2. 

The Schott’s glass slides are very robust, and can be used for multiple experiments before they 

must be discarded.  After an experiment, the slides are rinsed with acetone, ethanol, water, and 

then scrubbed with a plastic toothbrush and a solution of sodium dodecylsulfate, rinsed again 

and blown dry with ultrapure nitrogen.  The slides are then exposed to UV light source for 20 to 

30 minutes to decompose any residual organics. 

6.3.2 Data Acquisition and Experimental Parameters 

The following is a list of parameters pertinent to experiments made using the Asylum Research 

setup.   

 

DPSS Laser 

The 532 nm DPSS CrysaLaser has a fixed output power.  50 mW is sufficient for most 

experiments using spheres, silicon nitride AFM tips, and gold coated AFM tips.  The scattering 

signal ranges between sub nW for tips when the incident angle is greater than 75º or if s-

polarized light is used.  Scattering can be on the order of microwatts when using p-polarized 

light in conjunction with dielectric spheres.  In instances where AFM tips are used, the 

scattering intensity can be increased by using an f = 50 mm focusing lens placed after the wave 

plate to concentrate the laser beam in the vicinity of the tip.  Polarization and the focal position 
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of the laser beam are controlled by a half-wave plate and focusing lens mounted in front of the 

DPSS laser. 
 

• Focal length of lens used to focus laser beam (no lens or f = 50 mm lens) 
• Polarization of the laser beam (p or s-polarized) 

 

Light Microscope Settings 

The following list pertains to settings on the Zeiss Axiovert 200 inverted light microscope used 

when conducting EW-AFM experiments. 

• Optical table suspended by bungee pulley system 
• Optivar tube lens setting (1.0x or 1.6x, usually left at 1.0x to maximize collected light) 
• Total magnification (50x or 500x) 
• Microscope power off (I kept the main power off to avoid picking up 60 Hz noise from 

the microscopes power supply transformer) 
• Focal plane during data collection (can be read off the focus markings in microns) 
• Percent light to PMT (50% or 100%) 
• Correct filters in light path (532 nm laser line and IR cut-off filter for AR deflection laser) 
• 45º mirror out of light path 

 

PMT Settings 

The 0 to 10 V PMT output signal is fed into the controller through one of the input BNC 

connectors located on the front panel of the AR controller. 

• PMT gain control voltage ranges between 0.175V and 1.100V (potential applied to 
dynodes x 1000 V) 

• Check that PMT gain was set at optimal value for the maximum and minimum light 
levels. 

 

Asylum Research Crosspoint Panel Settings 

These settings are required to set up the controllers internal digital switch panel to feed the 

PMT output into ADC A or B, (A in this case).  The Crosspoint Panel can be accessed by going 

to Programming → Crosspoint.   

• In A = In 0 
• In Fast = Filter Out 
• Filter In = Defl 
• Select “No Auto Change XPT” 
• Select “Write Crosspoint” 
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Asylum Research Software Settings 

• MFP Controls → Master Panel → Main → Force Set Point = 0.500 V. 
• MFP Controls → Master Panel → Force → Force Distance = 0.75 to 1.5 μm typically 
• MFP Controls → Master Panel → Force →Velocity = 250 to 750 nm/sec. 
• MFP Controls → Master Panel → Force → Points per second = 250 to 1000  
• MFP Controls → Master Panel → Force → Base File Name 

 

In order to save the optical scattering data along with the cantilever deflection data the 

following settings need to be made. 
 

• MFP Controls → Force Channel Panel → Select Def Volts (y-data) LVDT (x-data) 
• MFP Controls → Force Channel Panel → Select User In 0 (y-data) LVDT (x-data) 
• MFP Controls → Master Panel → Force → Select  Save to memory. 
• MFP Controls → Master Panel → Force → Select  Save to disk 

6.3.3 Asylum Research EW-AFM Alignment 

The following is a brief alignment sequence for the AFM and EW scattering photometric 

system.  
 

• The cantilever is loaded into the AFM head the head is placed over the optical 
components.  Alignment of the IR laser onto the cantilever tip can be expedited using the 
CCD camera in conjunction with the low power objective (5x) and the IR cut-off filters 
removed from the light path.  One must be careful not to look into the ocular when the 
cut-off filters are removed. After alignment of the IR laser the IR cut-off filters are 
inserted into the light path.  See the AR MFP-3D Operation Manual for details. 

 

• Once aligned the tip is positioned in the center of the 5x objective field of view and the 
DPSS laser is turned on.  The EW from the laser is positioned beneath the AFM tip or 
probe and one enables the feedback system on the MFP-3D software.   

 

• At this point the AFM head can be lowered until the feed-back system detects cantilever 
deflection or one can see EW scatter from the cantilever probe.  One must be careful not 
to let the cantilever holder contact the stainless o-ring retainer.  The evanescent scattering 
is centered in the 5x objective field of view, and the 50x objective is moved into place and 
focused on the evanescent scattering. 

 

• The PMT gain is set to ~0.350 Volts and 50% of the optically scattered light if routed to 
the PMT.  The PMT gain is increased until a signal of ~3 V is observed at the ADC 
converter.  The laser can be translated to achieve maximum scattering intensity using the 
x and y micrometers.  The entire assembly (AFM head and tip, dove prism, and laser) is 
translated using the stage x and y micrometers to center the scattering source over the iris 
opening (which is set to correspond with the center of the CCD video).   

6.3.4 Data Analysis 

Asylum Research MFP-3D software was configured to write all data to disk as Igor binary wave 

files.  Prior to analysis the data was loaded into Igor Pro, converted to text files and resaved.   
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7.  ELIMINATION OF SYSTEMATIC ERROR II 

Section 7 focuses primarily on additional instrumental artifacts and sources of systematic error 

that were obscure using the MI EW-AFM system but became apparent using the AR EW-AFM.  

Prism birefringence issues and scattering from flaws in the prism surface are addressed along 

with artifacts that result from collection of data with the focal plane set below the prism surface, 

and perturbations to the data that result from gluing spheres beneath the AFM cantilever.  

Chapter 8 discusses the use of borosilicate and polystyrene spheres to scatter the evanescent 

wave and chapter 9 discusses scattering of the evanescent wave by an AFM tip.  Chapters 10 

and 11 demonstrate the capabilities of the EW-AFM to conduct force-distance and scanning 

experiments, respectively. 

7.1 Prism Birefringence  

A discrepancy between the experimental decay lengths obtained using p and s-polarized light 

led to a concern that the prism may be birefringent.  The system used to check for birefringence 

is shown in figure 7.1. The wave plate was used to set the polarization to an angle of 45º with 

respect to the plane of incidence.  Total internal reflection within the dove prism will induce a 

phase lag of about 30º at an incident angle of 75º.   The polarization state of the laser beam was 

monitored using a linear polarizer immediately in front of the detector as the force used to hold 

the dove prism in place was varied.  A slight change in the polarization state is observed as the 

prism clamp is tightened and released.  Figure 7.2 shows this change. 

 

 

Figure 7.1  Optical setup used to study prism anisotropy.  A discrepancy in the 
experimental decay lengths calculated from p and s-polarized light.  This set-up was used 
to check the dove prism for birefringence.  Force used to clamp the prism into the brass 
holder was sufficient to perturb the refractive index seen by the s-polarized light with 
respect to that seen by the p-polarized light. 
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Figure 7.2  Polarization state change resulting from prism anisotropy.  The change in the 
polarization state from circular to elliptical polarization as a result of clamping the prism 
into the holder.   

 

The simplest solution to this problem was to use the o-ring retainer to hold the prism in place, 

and not use the clamping mechanism.   

7.2 Stray Laser Light Scattering 

All the prisms used to collect experimental data have a 40-20 or poorer quality optical finish.  

Poor surface quality posed a serious problem when experiments were performed directly on the 

dove prism surface.  Stray scattering from nicks and scratches “up-stream” from the AFM probe 

have a tendency to reflect off the probe and into the objective or they reflect off the cantilever 

and produce an oscillation in the ∞I region of the optical data.  The oscillation effects are most 

noticeable when the scattering intensity is low with respect to the background level.  Judicious 

use of the iris position and size will help eliminate this to some degree.  An oscillation in ∞I will 

result in an oscillation in the running decay length and fractional deviation plots which 

increases with distance from the interface.  
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Figure 7.3  Stray scattering of the laser at the total internal reflection interface caused by 
imperfections in the dove prism surface.  All data collected in this dissertation was done using 
prisms with 40-20 surface quality. A. sample prism with 20-10 scratch-dig surface quality.  B. Total 
internal reflection scattering off a 40-20 scratch-dig prism surface. 

 

The use of cover slides reduces stray scattering in the region near the AFM probe, but the laser 

beam is still perturbed as it passes from the dove prism into the cover slide.  The index 

matching fluid at the glass-glass interface does not eliminate scattering from flaws in the dove 

prism.   

7.3 Focus Effects 

The observation that the focal plane used to collect scattering data influences the fractional 

deviation was the result of a systematic study using a 20 μm diameter borosilicate sphere glued 

beneath a tipless silicon AFM cantilever.  The focal plane used to collect scattering data 

influences the intensity of the scatter signal.  Moving the focal plane from the prism surface to a 

distance of 300 microns below the prism surface results in an increase in light gathered and an 

increase in PMT output.  The intensity triples for both s and p-polarization as the focal plane is 

moved from the prism surface to the point of maximum intensity.   
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Table 7.1  Influence of focal plane on fractional deviation and experimental 
decay length.  The experimental decay lengths and experimental fractional 
deviation as a function of focal plane distance below the prism surface (surface 
where the evanescent wave is generated).  

Focal Plane Decay Length (nm) Fractional Deviation 
(Distance below surface) p-pol s-pol p-pol s-pol 

Theoretical d 68.8 nm na na 
-20 μm  - 71.3 - -0.05 
-40 μm  - 71.0 - -0.05 
-50 μm  70.5 70.3 -0.15 -0.10 

-150 μm  71.5 69.8 -0.10 -0.10 
-300 μm  69.4 70.0 -0.30 -0.20 

 

 

 Table 7.1 contains data taken at different focus positions ranging between 0 and 300 μm below 

the prism surface.  The focus survey revealed that the fractional deviation observed when the 

data is collected in focus is about double in magnitude when the same experiment was run with 

the focus set at maximum intensity (typically about 300 μm below the surface).  The fractional 

deviation and experimental decay lengths observed at all other focused positions were self 

consistent.  See Table 7.1 

 

          

Figure 7.4  A.  Scattering from tip No. 072B with the focal plane set 40 μm below the 
prism surface.  Tip No. 072B is a 20 μm borosilicate sphere glued to the underside of a 
Veeco silicon tipless cantilever.  B.  The same tip with the focal plane set at 300 μm below 
the prism surface.   The scattering intensity is at its maximum at a distance of 300 μm 
below the prism surface. 
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Figure 7.5  Fractional deviation plots associated with data collected at A 40 μm below the 
prism surface.   B.  Fractional deviation plot for data collected at the point of maximum 
intensity, 300 μm below the prism surface. 

 

7.4 Sphere-Tip Orientation Experiments 

Three different orientations between the cantilever and the plane of incidence (defined by the 

laser beam) were investigated.  Figure 7.6 shows a diagram of the three angles explored for 

dielectric spheres glued to the underside of an AFM cantilever.  The 0° configuration was 

immediately deemed unsuitable because the glass chip that supports the AFM cantilever acts as 

a small mirror positioned above the evanescent scattering zone.   

 

 

Figure 7.6  Laser beam orientation with respect to AFM cantilever cartoon. 
The three different orientations explored between the plane of incidence 
defined by the laser beam and the AFM cantilever axis are shown.  The 0° 
configuration was useless due to stray scattering issues.  The 90° and 180° 
configurations were more promising. 
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Stray laser light from chips and scratches in the prism surface are reflected from the underside 

of the cantilever chip and propagate toward the cantilever and sphere.  This stray light has a 

tendency to “illuminate” the sphere with propagating laser scattering regardless of the probe-

prism separation.   

 

Theoretically, the scattering intensity should be constant once the probe-surface separation 

equals zero (hard contact between probe and surface).  The 0I  values obtained when using 

spheres glued beneath a tipless cantilever (either the 90° or 180° configuration) had 0I values 

that increase monotonically with applied force (or cantilever flex).  The 90° option produced the 

best behaved data.  It is very important that reliable experimental values for 0I  and ∞I be 

obtained if separation determined from evanescent wave scattering is to be valid.  Figure 7.7 

shows data collected using 5 μm diameter borosilicate spheres glued to the underside of a 

tipless cantilever from Novascan, k = 0.32 N/m. The maximum intensity for the 180° orientation 

is greater than the 90° orientation, the 180° intensity corresponds to 2.35 V and the intensity for 

the 90° orientation is about 1.4 V.  Stainless steel type 316 spheres glued to the AFM cantilever 

underside, gold coated AFM tips, and silicon nitride AFM tips all had constant 0I  values after 

contact which was consistent with theory. 

 

 

Figure 7.7 Optical scattering comparison between the two viable orientations (90° or 
“Side-On” and 180° or “End-On”).  The 180° orientation did not show a distinct break in 
the intensity as one would expect.  The 90° orientation shows a break in the intensity at 
contact, but does not plateau at a constant value of I0 as one would expect. 
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The 90° orientation was used for all data collected in the MI EW-AFM.  The 180° orientation was 

adopted initially with the Asylum Research AFM because it was the easiest to implement, and 

later changed to the 90° orientation.   

 

 

Figure 7.8  Fractional deviation observed from infinite separation to contact for the 90° 
and 180° cantilever-laser beam orientations.  Both scattering profiles have decay lengths 
of ~61 nm and a fractional deviation value of –0.45 at contact. The only difference 
observed between the two orientations is a greater signal to background ratio with the 
180° orientation. 

 

The exponential decay profiles using both the 90° and 180° orientations gave identical 

experimental decay lengths and fractional deviations, the only difference was that data 

collected in the 180° orientation had less noise due to the increased signal to background ratio.  

Figure 7.8 shows the experimental scatter profiles for both orientations, with all other optical 

and experimental parameters held constant. 

 

It was determined that the post contact slope observed with spheres glued beneath the cantilever 

was related to light reflecting off the cantilever and back down into the microscope objective.  

This is consistent with the observation that the 180° orientation had the largest post-contact 

distortion to 0I , because a larger portion of the AFM cantilever is in the plane of incidence with 

this configuration.  Monotonically increasing 0I values were not observed when the spheres 

were mounted at the end of the cantilever opposed to mounting them beneath the cantilever.  

See section 7.6.1 for further discussion of the solution to this problem. 
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7.5 I0 Slope with respect to Force in the Side-On Configuration 

The following experiment was designed to explore the possibility that applied force resulted in 

deformation of the sphere at the prism surface which was manifest as in increase in 0I  with 

applied force.  Three different 5 μm diameter borosilicate spheres were glued to the undersides 

of AFM cantilevers having force constants of 0.58 N/m, 2.1 N/m, and 13 N/m.  The piezo travel 

was adjusted to obtain a deflection reading of at least 7.5 V.  Data was collected using the 90° 

orientation on the Asylum Research EW-AFM instrument.  The entire force curve was 

normalized to an 0I  value determined from the deflection data.  A 100 mM solution of NaCl 

was used to shield all electrostatic repulsion between the two glass surfaces, and ensure that the 

deflection data showed a distinct point of contact.  A close up of the normalized evanescent 

scattering data with respect to AFM separation and cantilever deflection is shown in figure 7.9.   

 

Figure 7.9  Post-contact I0 slope in scattering data for three values of k.  Normalized 
evanescent scattering is plotted with respect to AFM separation up to the point of 
contact, and then as a function of LVDT translation afterward.  Data shown is for 5μm 
borosilicate spheres glued to the undersides of AFM cantilevers with three different force 
constants as a means of investigating the relationship between applied force and post-
contact scatter. 

 

The scattering intensity was plotted with respect to force applied between the 5 μm borosilicate 

sphere and the prism surface.  It was anticipated that distortion of the sphere surface led to an 

increase in scattering, simply because more of the sphere surface made intimate contact with the 

prism interface.  If this hypothesis was correct, one would expect to see agreement between the 

observed scattering and force applied with the three different cantilevers.  The bands of data 

should have been co-linear if there was some correlation between force and optical scattering.   
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Figure 7.10  Change in I0 intensity as a function of applied force for borosilicate spheres 
glued to the underside of cantilevers with varying force constants. The post-contact I0 
values were normalized to the I0 value at contact based on the deflection data.  The fact 
that the data fields are not co-linear indicates that the slope in I0 does not correlate with 
applied force. 

 

One would expect some variability in this experiment because there was no way to re-use the 

same sphere and re-position it exactly the same with each of the different cantilevers.  Each 

sphere-tip combination was scanned multiple times to verify that the data was reproducible.  

The sphere glued to the 0.58 N/m cantilever shows about one third the post contact intensity 

change compared to the 13 N/m cantilever with only one-twentieth the applied force (red data).  

The 2.1 N/m cantilever-sphere shows the same trend, greater than half the optical intensity 

observed with the 13 N/m cantilever is obtained with only one-fifth the applied force. 

 

This experiment indicates that deformation of the sphere surface is probably not responsible for 

the observed slopes in 0I  when dielectric spheres are glued to AFM cantilevers.  If the slope 

was related to sphere deformation with increasing force, the red, blue and black post contact 

intensity data should be collinear. 

7.6 Sphere and AFM Cantilever Tip Proximity Experiments 

The following two experiments were performed to study the influence of the AFM cantilever on 

scattering intensity.  We had proposed orienting the laser at an angle of 180º with respect to the 

cantilever to increase the downward scattering.  It was known that the increased scattering 
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would result in a higher signal to background ratio, and decrease the noise level in the 

separation measurements.  

 

An exploratory experiment shown in the series of CCD images in figure 7.11 shows a Veeco 

tipless silicon AFM cantilever passing overhead a 5 micron borosilicate sphere that has been 

salted out of solution on a borosilicate prism surface.  A small set of Newton rings in figure 7.11 

A is from scattered evanescent light that has been scattered down into the microscope objective.  

One can see the second scattering spot which results from upward scattering from the sphere 

reflecting down off the cantilever.  

 

             

Figure 7.11  This series of five CCD images shows a Veeco tipless silicon cantilever passing about 10 
microns above a 5 micron diameter borosilicate sphere.  The laser is incident from the right side of each 
frame.  The cantilever is made visible by setting the microscope illumination at a low level. This was a 
quick check to see how intense the light scattering up from the sphere was, to see at what angle it exited 
the sphere, and how collimated is was.  The AFM cantilever passes through the upward scatter as it is 
translated from left to right. 

 

 This experiment prompted a second experiment where the change in scattering intensity could 

be documented with the PMT as the AFM cantilever was translated vertically, and brought into 

contact with the upper surface of the sphere.  This experiment would be a direct comparison 

between the 0I   recorded under conditions used in TIRM to the 0I  observed after the same 

sphere was attached to an AFM cantilever.  Any perturbation to or increase in signal intensity 

during the glue-up process would be determined as a function of distance above the sphere. 

Once the sphere was stuck to the end of the tip with glue, the sphere-tip combination could be 

used to record scattering profiles.  Scattering profiles with the sphere affixed to the tip would 

allow me to make a direct comparison between the “salted out” 0I , the 0I  observed for the 

same sphere mounted to a cantilever, and the value of 0T , which is based on an extrapolation of 

the linear portion of the ln I(s) plot with respect to AFM separation. 
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Figure 7.12  Part 1. 
Sphere salted out on the 
prism surface. I0 
correspond to the TIRM 
I0. 

Part 2.  AFM tip is 
brought down until it 
contacts the sphere.  Any 
change in intensity is 
recorded w.r.t cantilever-
sphere separation. 

Part 3.  The sphere and 
tip are withdrawn from 
the surface.  The change 
in intensity w.r.t sphere-
prism surface is recorded. 

 

 

The cartoons in figure 7.12 demonstrate the three parts of this experiment.   

Part 1.  The borosilicate sphere is salted out and is resting on the prism surface.  The sphere is 

illuminated with the laser and the 0I  recorded.  The scattering intensity recorded at this point is 

identical to that in a TIRM experiment.  The AFM tip is positioned about 10 microns above the 

sphere.  
 

 Part 2. The AFM cantilever is brought down until it gently touches the sphere top.  I used a 

thin film of slow curing epoxy applied to the cantilever underside to make the sphere adhere to 

the tip.  The PMT is active and the intensity as a function of sphere-tip separation is recorded. 
 

Part 3.  The sphere is withdrawn from the surface, and the scattering intensity is recorded with 

respect to sphere-prism separation.  Previous experiments with 5 and 20 μm spheres glued to 

AFM tips showed non-exponential decay, specifically the intensity was less than one would 

expect within one or two decay lengths of the surface.  I recorded a series of about ten scatter 

profiles with the sphere glued to the tip after the “glue-up” run. 
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Experimental Parameters: 

• The laser was oriented 90º with respect to the AFM cantilever. 
• AFM cantilever: Veeco Tipless Si (gold coated on backside); k = 2.1 N/m 
• Solution: 100 mM NaCl 
• Cover Slide: Schott D-263, n = 1.5265 @ 532 nm 
• Sphere = Duke Scientific, 5 μm diameter, borosilicate #9005 
• Laser = 532 nm; Polarization = p-polarized; Incident Angle ≈ 75º 

 

Figure 7.13 shows a CCD image of the sphere “salted out” on the prism surface before part 1 of 

the experiment.  Figure 7.14 was taken after completion of the experiment to document where 

the sphere stuck to the tip.  The microscope light was turned on to illuminate the cantilever.   

 

       

Figure 7.13.  Laser scattering from 5 μm 
diameter borosilicate sphere “salted out” 
on the prism surface before approach of 
the AFM tip. Part 1 of procedure. 

Figure 7.14.  Scattering from the same 
borosilicate sphere glued to the AFM tip.  
The microscope light was used to 
illuminate the AFM cantilever. Taken 
after part 3. 

 

Figures 7.15 to 7.19 show the raw and analyzed data from this experiment.  All three parts of the 

0I perturbation experiment are visible in figure 7.15 below.  The 0I  of the salted out sphere 

corresponds to a PMT output of ~4.20 volts.  The oscillation in the blue curve is the result of 

interference between the light scattered from the sphere and reflection from the AFM tip.  The 

scattering intensity registered by the PMT drops from ~4.2 Volts to ~3.4 Volts once the tip 

contacts the top of the sphere.  This decrease in the scattering intensity when the tip is present is 

an important finding.  The red curve (part 3) is typical of the scattering profiles observed with 

borosilicate spheres glued to the undersides of AFM cantilevers.  It is immediately apparent 

from the raw data that the 0I associated with a TIRM experiment and the 0I associated with the 
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EW-AFM experiment are not the same.  I was curious to see if an extrapolation of exponential 

portion of the decay profile would map back onto the TIRM or “salted-out” 0I  value. 

 

Figure 7.15  Tip-sphere proximity experimental data.  Raw scattering data as a function 
of tip-sphere separation on approach(plotted in blue) and sphere-prism separation (plotted 
in red) as the sphere-tip combination is withdrawn. Fringes observed on approach are 
related to constructive and destructive interference from multiple scattering sites. 

 

Figure 7.16 shows a running decay length of the withdrawal data, part 3 of this experiment.  It is 

used to determine what segment of the I(s) data approaches the theoretical decay length of 65 

nm.  The upper and lower bounds of 125 nm to 350 nm were used to determine the 

experimental decay length. 

 

Figure 7.16   Running decay lengths for the withdrawal data in figure 7.15. 
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A plot of ln I(s) with respect to AFM separation is shown in figure 7.17  The experimental data  

between 125 nm and 350 nm were used to extrapolate back to a theoretical ln I(s) assuming pure 

exponential decay all the way to contact (black line).   

 

Figure 7.17  A linear regression of the exponential evanescent 
scattering data to determine the experimental decay length.   

 

 

Figure 7.18 Fractional deviation plot for the data in figure 7.17.  
The data shows exponential decay from about 125 nm to greater 
than 350 nm. 

 

By taking the exponential of the ln I(s) and the linear regression data and adding the value of 

∞I  one can calculate the hypothetical scattering intensity at s = 0 had the decay been consistent 
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at 65.8 nm.  This data (black +) has been plotted along with the experimental data (red dot).  The 

experimental voltage at contact is about 3.4 V, this corresponds to the EW-AFM 0I , and the 

extrapolated voltage at z = 0 or 0T  is 4.2 V.  The 0T  value maps almost exactly onto the original 

voltage observed when the sphere was salted out on the prism surface. 

 

 

Figure 7.19  Sphere-tip proximity decay data plotted as a function of separation (red 
circles).  The black “+” symbols show the decay for pure evanescent decay all the way 
into contact.  The intensity at contact, T0  from the exponential extrapolation maps onto 
the scattering intensity observed before the sphere was glued to the cantilever.  This data 
indicates that the non-exponential decay observed may be a function of the cantilever 
presence. 

 

This experiment is important for two reasons.  It shows that the practice of gluing spheres 

(borosilicate and polystyrene) beneath the AFM cantilever perturbs the evanescent decay length 

of the data from contact to about two decay lengths out from the surface.  The calculation of 

separation from scattering intensity is based on the premise that the scattering probe, be it a 

gold AFM tip, silicon nitride AFM tip, or a sphere will scatter exponentially at all separation 

distances.  TIRM also operates on this assumption based in part on the work of Walz and 

Prieve.47  

 

Extrapolation of the scattering intensity back to z = 0 if the decay length were consistent at 65.5 

nm implies that the sphere may scatter exponentially at all separation values if it were 

supported in a manner that does not interfere with the evanescent wave or the light scattering 

from the sphere. 
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There is one additional concern regarding scattering from spheres.  The intensity of sphere 

scattering is anywhere from 5 to 10 times that observed from gold and silicon nitride AFM tips.  

It is not clear from this experiment whether or not the scattering from the salted out sphere has 

perturbed the evanescent wave.  It is possible that the presence of the AFM cantilever is only an 

additional perturbation to an already perturbed system.  These issues are explored to some 

degree in Sections 8 and 9. 

7.6.1 The End Glued Sphere 

A procedure for attaching the cantilever to the spheres at location where the electromagnetic 

intensity within the sphere is low was developed.  The PhD dissertation of Andreas Pack uses 

multiple multipole modeling (MMP) of evanescent scattering by spheres to study the 

propagation of light with the spheres.48  Pack’s theoretical models show that the electromagnetic 

energy in the sphere is confined to whispering gallery modes (WGM) at the sphere perimeter in 

the plane of incidence. 

 

                       

Figure 7.20  Time averaged multiple multipole models for a 1.400 micron diameter 
polystyrene sphere excited by p-polarized evanescent wave at λ = 386 nm. The 
evanescent wave propagates from left to right as shown by the arrows.  A. The time 
averaged intensity in the plane of incidence as the light propagates around the sphere 
perimeter.  B. Time averaged intensity in the plane perpendicular to the plane of 
incidence.  Figure used with permission.  Pack, A. Current Problems in Nano-Optics. 
Technischen Universität Chemnitz, Chemnitz, 2001. 

 

By attaching the cantilever tip to the side of the sphere one avoids problems that arise when the 

cantilever tip or glue perturbs the radial scattering in the plane of incidence, provided the 

cantilever is oriented 90° to the laser beam.  These photos show a 20 μm polystyrene sphere 

from the bottom (the side that comes into contact with the evanescent wave) and the top (to 
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verify that the tip and glue do not interfere with scattering in the plane of incidence.  The 

spheres are glued on using Norland Type 63 UV-cure optical cement, and polymerized using a 

Pen Ray UV lamp.  Section 4.6.3 explains the gluing technique in detail and experimental data is 

presented in section 8.3.3. 

 

      

Figure 7.21  These two figures show a 20 μm polystyrene sphere from Duke Scientific (Part 
No. 445) glued to the end of a Veeco NP silicon nitride cantilever, k = 0.32 N/m or 0.58 N/m.   

 

The configuration shown in figure 7.21 resolved several problems discussed in previous 

sections.  This gluing configuration also opens up some interesting prospects for future EW-

AFM applications and developments. 

 

When a sphere-tip combination glued as shown in figure 7.21 is used to collect separation data 

based on evanescent scattering (with the laser oriented 90° to the cantilever) a constant value 

for 0I  is obtained.  Stainless steel spheres glued to the undersides of AFM cantilevers, silicon 

nitride AFM tips, and gold AFM tips all have 0I values that are constant at contact.  Spheres 

glued beneath the cantilever show sloping 0I values as a function of “force” for both the 90° and 

180° orientation, (the slope is much more pronounced for the 180° orientation).  The lack of 

correlation between post contact intensity and applied force in experiments performed in 

section 7.2.8 leads one to conclude that the slope is not due to an increase in prism-sphere 

contact area from deformation of the sphere, or compression of nano-asperities, but an optical 

effect; an increase in light reflecting off the cantilever as it flexes with applied force. 



 88

7.6.2 Discussion 

This configuration is optically very similar to that used in TIRM.  It approaches the ideal 

scenario presented in the introduction, an instrument that has the same optical behavior as 

TIRM, with the control afforded by attaching the sphere to an  AFM cantilever.  It also provides 

a means of investigating concerns of non-exponential scattering in TIRM raised recently in the 

literature.49  This configuration would also provide a means of experimentally investigating 

non-exponential scattering theories and models. 

 

In addition, this gluing configuration overcomes the restriction of having to use an inverted 

light microscope coupled to a tip scanning AFM.  This sphere-tip gluing configuration could be 

used as effectively with an upward scattering detection system as a downward one.  One could 

conceivably use a Veeco MultiMode AFM to do EW-AFM .  The set-up would require a dichroic 

mirror, and two laser line filters and a little ingenuity to ensure that no cross-talk occurs 

between the two optical detection systems.  The Asylum Research AFM has an option of placing 

a dichroic mirror and CCD camera into the head that looks down onto the cantilever from 

above.  CCDs have successfully been used for  detection of evanescent scattering by other 

research groups.4 

 

This configuration also opens up the possibility of using the sphere as a lens, to focus a laser 

directed downward to a small area beneath the sphere.  It could also be used in combination  

with an optical tweezer setup.   
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7.7 PMT Grid Effects 

All data collected before 14 April 2005 had a tendency to “tail-up”, “tail-down” or was perfectly 

exponential with increasing AFM separation.  It was not clear whether this was an artifact or an 

actual scattering phenomenon.  The two curves (red and orange) in figure 7.22 show this 

tendency for two subsequent scattering curves, with the only change being that the prism was 

moved and the laser beam was re-centered on the AFM probe. A 20 μm diameter borosilicate 

sphere (Tip No. 070) glued to on the end of a Veeco tipless cantilever was used as the 

evanescent scattering probe.  This particular sphere would scatter light exponentially regardless 

of separation and served as a convenient tool for deducing the origin of the tailing 

phenomenon. 

 

 

Figure 7.22  Scattering profile distortions from PMT grid interference.  This fractional 
deviation plot illustrates distortions in the scattering data (beyond 250 nm) as a result of 
focusing an image of the scatter pattern onto the PMT grid.  It is almost impossible to 
determine the experimental decay length from scattering data with a profile similar to 
the data labeled with red “+” symbols. 

 

A systematic study of “tailing” with respect to focus plane, iris diameter, whether the sphere 

was centered at the top of the Gaussian beam profile or to the side (where there was an intensity 

gradient), prism position or scattering position within the iris opening revealed that the tailing 

was caused by focusing an image of the scattering spot onto the PMT grid.  Figure 7.2.4 is 

photograph of the PMT used to collect the data in figure 7.22 and the PMT grid. 
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Figure 7.23  CCD image taken of the 
scattering spot used to determine the cause of 
the “tailing” effect.  The aperture size is 
indicated by the circle (~90 μm) and the 
horizontal and vertical lines correspond to 
intensity cross sections plotted in figure 7.25. 

 Figure 7.24  The scattering signal is 
attenuated somewhat when it falls directly 
on one of the vertical PMT grid lines.  
Defocusing will not mediate the tailing effect 
entirely.  This problem was resolved by 
placing a diffuser about 3 mm in front of the 
PMT tube. 

 

The “tailing” tendency varied most when the scattering was focused to a small spot, and 

positioned at different locations within the iris opening.  By scanning the focused scattering 

spot horizontally across the aperture, one could observe an oscillation in the PMT output.   

 

Figure 7.23 shows a CCD image of the scattering spot that was scanned horizontally and 

vertically across the iris opening.  The PMT response as a function of vertical and horizontal 

position is plotted in figure 7.25.  The scattering is attenuated somewhat when it falls directly on 

one of the PMT grid lines.  This problem was resolved by placing a diffuser fabricated from a 

0.5 mm glass cover slide that had been sanded with 1000 grit silicon carbide sandpaper and 

etched with 48% aqueous HF about 3 mm in front of the PMT tube.  
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Figure 7.25  Plots of PMT response with respect to horizontal position (left) and vertical  
position (right).  The red trace represents PMT response with no diffuser present.  Blue 
traces represent the PMT response after installing a small diffuser in front of the PMT.  The 
oscillation in PMT response with respect to horizontal position is a result of the focused 
scattering spot passing over the PMT grid lines, see figure 7.24. 

 

Figure 7.25 shows the PMT response with respect to the focused scattering spot’s horizontal and 

vertical position, respectively.  The red trace (upper) and the blue trace (lower) correspond to 

PMT response without a diffuser, and with the diffuser present.  A close look at figure 7.25 

shows that the intensity can vary by about 10% as a function of position. The grid effect is most 

pronounced when the scattering spot is focused on the PMT.  Defocusing will mediate this 

effect somewhat, but a study of fractional deviation with respect to focus plane showed that 

defocusing too much distorts the fractional deviation plots. 

7.8 Newport Silicon Detector Time Lag 

The Newport Power meter was used to measure scattering intensity in place of the PMT 

because it has a flat response profile with respect to position on the detector.  The power meter 

has a time lag of several microseconds which was large enough to distort the decay curves.  The 

advantage of using of a photodiode, silicon detector, channel PMT or avalanche photodiode is 

that they are less position sensitive and have lower noise levels than a PMT.  The PMT is 

convenient because it can be used to detect light over a range of 5 decades by setting the gain 

appropriately. 
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8. OPTICAL EXPERIMENTS: NON-EXPONENTIAL SCATTERING 

Chapter 8 is explores the use of borosilicate and polystyrene spheres to scatter the evanescent 

wave.  Microspheres can be used to scatter the evanescent wave and to measure surface forces 

in the EW-AFM provided they are glued to the end of the AFM cantilever where the cantilever 

does not interfere with the light scattered by the microsphere.  The problems that arise from 

affixing the sphere beneath the AFM cantilever are discussed, followed by experimental 

scattering data from end-glued 20 μm borosilicate and polystyrene end-glued spheres. 

8.1 Frustrated Internal Reflection 

Frustrated  internal reflection (FIR) occurs when a dielectric medium with a refractive index 

greater than the secondary medium is placed in the evanescent wave.  Electromagnetic energy 

present in the evanescent wave does not return entirely to the originating medium, but is 

converted back into a propagating wave, with the same polarization and the same direction as 

the incident wave in medium one if 31 nn = .  The act of introducing a dielectric medium with a 

refractive index greater than 2n  into the evanescent wave can perturb it in some instances.  As a 

result the frustrated internal reflection intensity observed in the third medium as a function of 

separation distance may deviate from a pure exponential.50,51 

 

 

Figure 8.1  Frustrated internal reflection for a three layer system.  Frustrated internal 
reflection occurs when a third medium, 3n  is placed in the evanescent wave.  The light 

intensity transmitted into medium three, trnI , is a function of the separation distance, s, 

between medium 1n  and 3n .  Energy is conserved in the system and increftrn III =+ . 
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One of the EW-AFM’s primary applications as originally conceived was the ability to measure 

force and absolute distance simultaneously as the sphere-plate separation is varied or as one 

varies the properties of the fluid medium (pH, ionic strength, surfactant concentration  or 

introduction of a co-adsorbate).  Scattering experiments with dielectric spheres of varying 

diameters and materials were glued to the ends and to the undersides of AFM cantilevers to 

explore the degree to which the decay profile deviates from an a single exponential.   

 

Borosilicate and polystyrene spheres with diameters of two microns and larger were found to 

be non-exponential scatterers of the evanescent wave.  A search of the literature on FIR yielded 

some answers to the observed deviation from a pure exponential when using spheres with 

diameters of several microns. FIR can be modeled analytically using a ray optics approach for 

planar interfaces.44,50-52  

 

FIR involving dielectric spheres is not as easily modeled as a planar interface for several 

reasons. First,  spheres used in colloidal science research are generally on the order of several 

microns in diameter, and the radius of curvature at the sphere interface may be as little as one 

micron.  Second, in a typical frustrated internal reflection experiment the radiation that enters 

medium three will propagate away from the interface.  When spheres are used as the frustrating 

medium only a fraction of the frustrated beam exits the sphere.  The remainder propagates in a 

whispering gallery mode (WGM) within a sphere and scatters back down into the prism, even 

when working near the critical angle.  Both these conditions are inconsistent with assumptions 

made using the planar FIR model. 

8.2 Frustrated Internal Reflection in Microspheres 

When microspheres are used to frustrate the evanescent wave, the frustrated light is scattered in 

the plane of incidence as a result of complex scattering and refraction within the microsphere.  

The direction and intensity of the scatter is a function of the sphere refractive index, incident 

angle, polarization and the wavelength of the light with respect to the sphere diameter. 

8.2.1 Whispering Gallery Propagation in Microspheres 

Two simple models were used to better understand the coupling of evanescent radiation into a 

20 μm diameter borosilicate sphere and the path taken by that light once inside the sphere.  The 

first model is used to understand the intensity of the frustrated light that couples into the 

sphere as a function of sphere diameter and the penetration depth.  Figure 8.2 shows the 
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frustrated intensity profile with a 20 μm diameter borosilicate sphere with respect to distance 

from the contact point (x = 0 in figure 8.2) in the plane of incidence when immersed in an 

evanescent wave with a penetration depth of 183.5 nm.  The incident angle is 63°, about 1.5° 

above the critical angle for a borosilicate glass-water interface. 

 

 

Figure 8.2  Coupling of the evanescent wave into a colloidal sphere.  Frustrated light 
intensity inside a 20 μm diameter sphere with respect to distance from the contact point 
(x = 0) in the plane of incidence when immersed in an evanescent wave with a 
penetration depth of 183.5 nm.  The incident angle is 63°, about 1.5° above the critical 
angle for a borosilicate glass-water interface. 

 

When spheres with diameters several times larger than the exciting wavelength are used, the 

propagating wave within the sphere is incident on the sphere boundary at an angle very close 

to the critical angle.  Ray tracing is applicable to these systems provided the sphere diameter is 

about 10 times the wavelength of the light that interacts with the sphere.53  A ray tracing model 

was used to determine the propagation path of light inside the sphere, and to determine 

whether the light is refracted or undergoes total internal reflection at the sphere-water 

boundary as it propagates around the sphere perimeter.  Rays were only drawn for light that 

couples into the sphere with an intensity equal to or greater than half the maximum intensity at 

the point of contact (x= 0).  Light that couples into the sphere at points x = +0.5, +1.0, and  +1.5 

μm (green rays) will refract at points P1 a, b, and c where most of the light is exits the sphere.  

The light that is reflected from points P1 a, b and c will refract again at points P2 a, b and c, etc.  

Light that couples in at x = 0.0, -0.5, -1.0, and –1.5 (blue rays)will undergo total internal 

reflection at the sphere perimeter and will circulate around within the sphere.  Light that 

propagates within the sphere along totally internally reflecting paths or whispering gallery 

modes will scatter from the sphere due to surface roughness and imperfections at the sphere 

surface.  
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Figure 8.3  Ray Tracing of Whispering Gallery modes and Refracted Rays within a 20 μm 
diameter borosilicate sphere.  The blue rays show light that undergoes total internal 
reflection at the interface and propagates in whispering gallery modes.  The green rays 
show light that exits the sphere as it refracts at points P1 a, b, and c, etc. 

 

Haraguchi et. al utilized finite difference time domain modeling to observe propagation of 600 

nm, p-polarized light in a 5.15 micron diameter polystyrene sphere located at the borosilicate-air 

interface.  The laser beam incident angle in the originating medium was 46° (about 4.8° above 

the critical angle for the borosilicate-air boundary).  This FDTD model shows light that refracts 

at the sphere-air interface and light that is trapped in whispering gallery modes. 
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Figure 8.4  Finite difference time domain model of frustrated light in a 5.15 diameter 
polystyrene sphere.  The excitation beam is modeled as a Gaussian distribution, the 
incident angle is 46°, p-polarized,  and λ = 600 nm. at the BK-7 air interface.  Light  
refracted at the sphere-air interface can be seen in addition to light propagating around 
the sphere perimeter in a whispering gallery mode. White indicates maximum light 
intensity.  Reprinted figure with permission from Haraguchi, M.; Nakai, T.; Shinya, A.; 
Okamoto, T.; Fukui, M.; Koda, T.; Shimada, R.; Ohtaka, K.; Takeda, K., Optical Modes in 
Two-dimensionally Ordered Dielectric Spheres. Japanese Journal of Applied Physics 2000, 
39, 1747-1751.  Copyright 2000 by the Institute of Pure and Applied Physics. 

 

As the incident angle increases all the frustrated light undergoes total internal reflection within 

the sphere.54  Figure 8.5 is a multiple multipole model showing the instantaneous 

electromagnetic intensity for p-polarized radiation circulating in a  resonant whispering gallery 

mode within a 1.4 μm diameter polystyrene sphere.  The radiation will scatter outward due to 

surface imperfections and sphere surface roughness.  Coherent radiation of the same 

polarization and wavelength will perturb the evanescent wave when scattered back into the 

prism where the evanescent wave is generated.  The MMP model in figure 8.5 ignores the 

effects of back reflections or perturbations to the evanescent wave from sphere scattering. 48 

 



 97

 

Figure 8.5  Multiple multipole model of whispering gallery mode in a 1.4 μm diameter 
polystyrene sphere.  The evanescent wave is p-polarized radiation propagating from 
right to left.  Multiple multipole modeling was used to create the instantaneous intensity 
plot for the sphere in a resonating state (the propagation circumference is a multiple of 
the excitation wavelength).  This model neglects multiple scattering effects between the 
sphere and prism.  Figure used with permission.  Pack, A. Current Problems in Nano-
Optics. Technischen Universität Chemnitz, Chemnitz, 2001. 

8.2.2 Scatter from Whispering Gallery Propagation in Microspheres  

Ganic demonstrated theoretically that spheres with diameters less than the radiation 

wavelength will produce a more homogeneous scattering pattern over the half space above the 

prism than those with diameters several times the light wavelength.   Figure 8.6 shows the 

scattering patterns for three different sized spheres  

 

 

Figure 8.6  Evanescent scattering intensity as a function of angle for three different sphere 
diameters.  Solid lines are for s-polarized light and dotted lines represent p-polarized light, 
the incident angle at the borosilicate-air interface was 45° (about 4 degrees above the 
critical angle).  A. 0.2μm diameter.  B. 1.0 μm diameter.  C. 2.0 μm diameter.  Reprinted 
from Optics Communication, 216, Ganic; Gan; Gu, “Parametric study of three-dimensional 
near-field Mie scattering by dielectric particles”, 1-10, Copyright 2003, with permission 
from Elsevier. 

 

Jory et. al examined the scattering intensity from micron sized spheres with respect to scattering 

angle.  The incident angle was set at 48.5º, about 6º above the critical angle.  The data show that 
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scattering from polystyrene spheres with diameters of 1.4 μm and borosilicate spheres with a 5 

μm diameter will oscillate with scattering angle when illuminated with evanescent waves.54-56  

 

 

Figure 8.7  Scattering from 1.4 μm diameter polystyrene sphere at the surface of a 
borosilicate prism is plotted as a function of angle with respect to the surface normal and 
laser polarization.  The laser incident angle was 48.5 degrees and λ = 632 nm.  Dotted 
lines indicate theoretical predictions, solid lines represent experimental results.  Figure 
reprinted with permission from Jory, M. J.; Perkins, E. A.; Sambles, J. R., Light emission 
from whispering-gallery modes in microscopic spheres. Journal of the Optical Society of 
America 2003, 20, (9), 1785-1791. 

 

 

Figure 8.8  Scattering from a 5μm diameter borosilicate sphere at the surface of a 
borosilicate prism is plotted as a function of angle with respect to the surface normal and 
laser polarization.  The laser incident angle was 42° and λ = 632 nm.  Dotted lines 
indicate theoretical predictions, solid lines represent experimental results, polarization is 
as labeled. Figure reprinted with permission from Jory, M. J.; Perkins, E. A.; Sambles, J. 
R., Light emission from whispering-gallery modes in microscopic spheres. Journal of the 
Optical Society of America 2003, 20, (9), 1785-1791. 

 

The observation that sphere diameter will influence the scattering pattern as a function of angle 

is important when collecting light that is scattered down into the prism.  Downward scattering 

comes primarily from light propagating in WGM.  There are two aspects of WGM scattering 

that differ from light that scatters upward via refraction at the sphere surface.  First, WGM 

scattering intensity varies more dramatically as a function of scattering angle than light 

refracted at the sphere surface.  Second, scatter into the prism will perturb the evanescent wave 

and alter the exponential profile one would theoretically expect to observe.  This perturbation of 

the evanescent wave is distance dependent and will become more pronounced as the sphere-

prism separation approaches zero.  It is not apparent how the downward scatter from WGM 

influences upward scatter that exits the sphere via refraction at the sphere surface.   
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The intensity observed by an objective with a small numerical aperture is the union of the 

scattering pattern and the solid angle over which the objective collects light.  The scattering 

angle from WGMs may change as a function of the whispering gallery path taken in the sphere 

as the sphere is immersed into the evanescent wave.  Changes in the scattering angle will be 

recorded as a change in intensity in addition to the intensity change observed as the sphere-

prism separation approaches zero (approach of sphere) or infinity (withdrawal of sphere).  Thus 

changes in scattering angle as a function of sphere-prism separation may confound the 

scattering data. 

8.2.3 Sphere Size and Scattering Intensity 

Theoretical work by Ganic shows that the scattering intensity will vary as a function of sphere 

size. Scattering intensity was calculated by integrated scatter intensity over the hemisphere 

above the prism surface for colloidal sized polystyrene and borosilicate microspheres with 

illumination at λ = 632.8 nm.54  One cannot vary sphere size and measure scattering intensity, 

but a plot of scattering intensity with respect to sphere diameter would reveal this trend.   

 

 

Figure 8.9  Scattering intensity for a polystyrene sphere as a function of sphere radius at 
the n1 = 1.51, n2 = 1.0 interface with evanescent illumination .  The incident angle is 45°, λ 
= 632.8 nm.  Reprinted from Optics Communication, Vol. 216, Ganic; Gan; Gu, “Parametric 
study of three-dimensional near-field Mie scattering by dielectric particles”, 1-10, 
Copyright 2003, with permission from Elsevier. 
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Prieve conducted a study of evanescent scattering intensity with respect to prism-sphere 

separation47.  Prieve et. al accomplished this by measuring the scattering intensity of a large 

ensemble of microspheres one sphere at a time because no practical method existed for 

measuring scatter intensity for a single sphere with respect to sphere-prism separation.  A plot 

of the scattering mean with respect to separation showed that 7μm, 15 μm and 30μm diameter 

spheres with will scatter exponentially.   The distribution about the mean at each given height 

was large, in some cases the data shows a spread of almost an order of magnitude.   

 

     

Figure 8.10  Evanescent scattering intensity 
for an ensemble of microspheres as a 
function of sphere-prism separation and 
diameter.  The spheres were illuminated 
with 514.5 nm light and the incident angle 
was 68° at the interface between a 
borosilicate prism, n1 = 1.52 and an alcohol 
solution, n2 = 1.385.  Figure reprinted with 
permission from Prieve, D. C.; Walz, J. Y., 
Scattering of an evanescent surface wave 
by a microscopic dielectric sphere. Applied 
Optics 1993, 32, (9), 1629-1641. 

Figure 8.11  Mean evanescent scattering 
intensities of an ensemble of spheres 
measured at discrete sphere-prism 
distances.  Optical conditions are the same 
as those in listed in figure 8.6.  Figure 
reprinted with permission from Prieve, D. 
C.; Walz, J. Y., Scattering of an evanescent 
surface wave by a microscopic dielectric 
sphere. Applied Optics 1993, 32, (9), 1629-
1641. 

 

This large distribution of scattering intensities may be the result of scattering from spheres that 

are in resonant and off-resonant WGMs.  Fluctuations in evanescent scattering intensity are also 

observed for a sphere of fixed size as the wavelength of the excitation source changes.57-59 
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8.3 Experimental Scattering from Colloidal Sized Spheres 

This section is divided into three subsections.  Scattering from spheres glued underneath AFM 

tips,  scattering from spheres with asperities, and scattering from spheres glued on the ends of 

AFM tips. 

8.3.1 Scattering from Spheres Glued Underneath AFM Cantilevers 

All of the scattering data collected using colloidal sized dielectric spheres in 2004 and in the 

spring of 2005 was done with spheres glued beneath the AFM cantilevers.  It was apparent after 

conducting the AFM cantilever-sphere proximity experiments that the AFM cantilever perturbs 

the evanescent decay profile.  Scattering profiles collected using this configuration do not 

represent the true scattering behavior of a free colloidal particle.  Spheres glued beneath the 

cantilever are also of limited use for conducting force-distance experiments with the evanescent 

scatter system because it is difficult to obtain a constant 0I  value after hard contact has been 

made.  See section 7.4 and figure 7.7 for further discussion of this issue. 

 

     

Figure 8.12  A. this CCD image shows an asperity free borosilicate sphere glued to the underside of 
a Veeco tipless cantilever (Tip072B).  The light is coupling in at the bottom of the sphere, and 
scattering randomly at the top where it is glued to the cantilever.  B. The same sphere with the white 
illumination light turned off and defocused to reveal the absence of a perfect set of Newton rings. 

 

The s-polarized scattering profile is shown for Tip072B (20 μm diameter borosilicate sphere).  

The theoretical decay length for the experimental set-up is 68.8 nm and a fit of the experimental 

data gave a decay length of 67.7 nm.  The p-polarized decay profile was distorted and is not 

presented here.   
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Figure 8.13  Fractional deviation plot for the 20 μm diameter borosilicate sphere glued 
under an AFM cantilever pictured in figure 8.12 A.  The s-polarized scattering shows 
almost no deviation from a pure exponential.  The experimental decay length was 67.7 
nm and the theoretical value was 68.8 nm.  The p-polarized scattering was distorted and 
is not shown here. 

8.3.2 Scattering from Sphere Asperities 

Figure 8.13 shows an end-glued borosilicate 20μm diameter sphere with multiple asperities 

across the surface that contacts the prism.  The scattering patterns from spheres glued beneath 

AFM tips and those with asperities regardless of where they are glued show scattering patterns 

with distorted or no Newton ring patterns at all, see figures 8.9 and 8.11 as examples.  In figure 

8.9 the whispering gallery scattering can be seen as the bright green spot on the right, with 

small scattering centers located near the center originating from asperities on the sphere surface.  

It was difficult to locate borosilicate spheres of any size (5 μm to 50 μm) that were free of 

asperities.  These spheres are not acceptable for force-distance experiments if the asperities are 

located on the face of the sphere that interfaces with the flat prism surface.   
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Figure 8.14  This CCD image shows scattering from whispering gallery modes at the 
right-hand side of the sphere (bright green region) and other scattering centers are also 
seen on the sphere surface emanating from asperities.  Such a sphere is useless for 
colloidal force work. 

 

Asperities can be detected by scanning the sphere across a spike to reveal surface roughness or 

by illuminating it with an evanescent wave provided the sphere is glued to the end on an AFM 

cantilever tip.  Scatter from asperities typically results in increased scatter intensity which 

causes large negative fractional deviations as the sphere-surface separation approaches zero, 

but this does not necessarily compromise force-distance data collected using the evanescent 

wave scattering system.  One must perform a control experiment to deduce the scattering 

profile.  Replicate scattering profile measurements were very reproducible.  Reproducibility is 

discussed in greater detail in section 8.4. 

8.3.3 Scattering from End-Glued Spheres 

Data presented in this section was collected with end-glued borosilicate and end-glued 

polystyrene spheres.  This data is unique because there was no interference from the AFM 

cantilever or asperities on the sphere surfaces in contrast to data published in 2005.  This 

scattering data provides a preliminary look at the scattering-distance behavior under optical 

conditions similar to those used in TIRM.  This configuration is useful for validating or 

disproving a wide array of optical theories and models pertaining to scattering of evanescent 

waves using a dielectric spheres.  It will also provide experimental evidence to either validate or 

disprove the premise that upward scattering from colloidal microspheres near the critical angle 

is exponential.  
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Figure 8.15  An end glued 20μm borosilicate sphere shows scattering from WGMs. Light 
is scattered from only one point on the sphere perimeter where it is expected for light 
propagating in WGMs.  The evanescent wave enters the sphere at the bottom, 
propagating from left to right and circulates ~270° around the perimeter before exiting 
the sphere into the objective axis.  The single point of light emanating at the sphere 
perimeter agrees well with the time averaged MMP model data in Figure 7.20. B. 

 

By defocusing the microscope, one can observe a set of Newton rings from whispering gallery 

scatter.  Scattering from multiple sites is evident from a distortion to the Newton ring pattern,  

or the absence of any Newton rings at all.  Defocusing was the simplest method of checking a 

sphere or AFM tip for a scattering from a single site. 

 

 

Figure 8.16  Newton ring pattern formed by light scattered downward at the sphere 
perimeter from WGM of a 20μm diameter end-glued polystyrene sphere illuminated 
with a 532 nm laser. 
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Figure 8.17  Ring pattern (red) formed by light scattered upward at the sphere perimeter 
via refraction at the surface of a 6 μm diameter polystyrene sphere.  Reprinted from 
Advances in Colloid and Interface Science, 82, Prieve, “Measurement of Colloidal Forces 
with TIRM”, 93-125, Copyright 1999, with permission from Elsevier. 

8.3.3.1 Borosilicate Scattering Profile (20μm diameter sphere) 

The following scattering data was collected with borosilicate spheres from Duke Scientific No. 

9020 spheres (n = 1.51) in a 0.050 Molar solution of CaCl2 to screen any electrostatic repulsion.  

Table 9.1 lists all the parameters for this experiment and a companion experiment using a 

polystyrene sphere with the same diameter.   

 

Table 8.1  Experimental data parameters for the end-glued 20μm 
borosilicate scattering profile experiment and the end-glued 20μm 
polystyrene scattering profile experiment. 

Parameter Borosilicate Polystyrene 

Sphere-tip Number Tip078 Tip081 
Sphere Type Borosilicate Polystyrene 

Diameter 20 μm 20 μm 
Laser wavelength 532 nm 532 nm 

Polarization p, s p, s 
Incident Angle 74.7° 74.7° 
Prism Material Borosilicate Borosilicate 

Solution 0.050M CaCl2 0.010M CaCl2 
Solution n 1.335 1.334 

Theoretical d 69 nm 69 nm 
Experimental d 70.1, 70.5 nm 68.4, 66.3 nm 

 

The end-glued configuration showed scattering data that had a positive fractional deviation as 

the sphere-surface separation approached zero.  This observation has been reported before in 

the literature for silicon tips used in conjunction with infrared evanescent fields.46   
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Prior fractional deviation experiments with spheres mounted beneath the cantilever showed 

negative fractional deviations as the sphere-surface separation approached zero for both p and 

s-polarizations. 

 

 

Figure 8.18  Fractional deviation plot for an end-mounted 20 μm diameter polystyrene 
sphere.  P-polarized fractional deviation is plotted in green (circles) and the s-polarized 
data is plotted in red (+ symbol). The experimental decay lengths for p and s-
polarizations were 70.1 and 70.5 nm, respectively. 

8.3.3.2 Polystyrene Data 

Polystyrene spheres from Duke Scientific, Part No. 445  (n = 1.60) were mounted on the ends of 

Veeco tipless silicon AFM cantilevers (k=2.1 and k=3.2N/m) or on the ends of Veeco NP silicon 

nitride cantilevers (k = 0.58 or k = 0.32 N/m)with type 63 UV cure optical adhesive from 

Norland Optical.    The fractional deviation trends for the borosilicate spheres were similar to 

those observed with polystyrene, with s-polarized light showing a positive fractional deviation 

and p-polarized light showing negative fractional deviation. 
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Figure 8.19  Fractional deviation plot for an end-mounted 20 μm diameter borosilicate 
sphere, n = 1.52.  P-polarized fractional deviation is plotted in green (circles) and the s-
polarized data is plotted in red (+ symbol). The experimental decay lengths for p and s-
polarizations were 68.4 and 66.3 nm, respectively. 

 

A repeat of the experiment using identical parameters and the same sphere demonstrated that 

although the scattering profiles are highly reproducible from run to run within an experiment, 

they can differ dramatically from experiment to experiment. 

8.4 Discussion 

Fractional deviation plots of sphere scatter with respect to sphere-prism separation rarely show 

ideal behavior.  Fractional deviation plots for sphere data show various trends ranging from the 

ideal with no deviation, to monotonically increasing or decreasing fractional deviation profiles 

as the sphere-prism separation approaches zero, to cases where the fractional deviation profile 

oscillates as a function of sphere-prism separation when operating near the critical angle.  At 

times the scattering profile is such that it is almost impossible to judge what region of the decay 

profile should be used to determine the experimental decay length for a given sphere.  Some 

spheres produce fractional deviation curves that converge to the theoretical decay length as the 

sphere-prism separation approaches infinity at one polarization, and fractional deviation curves 

that are difficult to fit with a linear function at the other polarization. 

 

When spheres that produce non-linear fractional deviation curves (non-exponential decay 

profiles) are used in force distance experiments it is necessary to conduct a control experiment 
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and fit the observed decay profile using an appropriate function to determine sphere-prism 

separation distance. 

 

The observed scattering profiles may be related to the complex scattering pattern from the 

spheres in the plane of incidence, with narrow lobes of high scattering intensity inter dispersed 

with regions of low scattering intensity.  Scattering angle and intensity are functions of the 

sphere diameter, laser polarization, and incident angle.  Scatter from spheres introduces an 

added complexity by illuminating the region where the evanescent wave is generated with 

coherently scattered light of the same wavelength and polarization.  

 

Asperities on the sphere surface or the presence of an AFM cantilever in the plane of incidence 

introduce additional coherent scattering source(s) in addition to whispering gallery scattering 

from the sphere.   

 

In the EW-AFM setup used to conduct this research work, the downward scattering is collected 

with a Zeiss Epiplan 50x/0.50 which has a very narrow field of view and low numerical 

aperture.  This introduces a further complication that any change in the radial scattering pattern 

angle(s) with respect to solid angle over which the objective collects light will be interpreted as 

a change in intensity and ultimately sphere-prism separation.  Such shifts in the radial 

scattering pattern may occur as the sphere is immersed deeper into the evanescent wave, and 

the whispering gallery propagation path changes within the sphere as the beam diameter inside 

the sphere increases in size.   

 

The use of a control experiment to deduce the scattering profile prior to conducting  force-

distance experiment may be the only way to cope with the various scattering deviations from a 

pure exponential decay profile.  Replicate scattering profile measurements are very 

reproducible.  Scattering profiles show significant variation from experiment to experiment, 

even when using the same sphere and identical experimental parameters.   

8.5 Conclusions 

Glass and polystyrene spheres tend to have fractional deviation curves that deviate from a 

single exponential regardless of the gluing position.  The observed deviation from a single 

exponential may be due to light scattered back into the prism where the evanescent wave is 

generated.   
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Ray tracings of evanescent light coupled into 20 μm diameter spheres show that a portion of the 

light never escapes the sphere, but circulates within the sphere in WGMs regardless of incident 

angle or polarization.  FDTD models by other researchers show that some light is always 

trapped in WGMs.  Experimental results with 20μm diameter end-glued spheres show that 

substantial light is scattered down into the prism after traveling a path of 270º in the plane of 

incidence around the sphere perimeter. 

 

Spheres glued beneath the AFM cantilevers typically show negative fractional deviation values 

at zero sphere-prism separation distances regardless of the laser polarization.  The 0I  values for 

spheres glued beneath AFM cantilevers are not constant after contact due to scatter from the 

AFM cantilever underside.   

 

Fractional deviation curves for spheres glued to the end of the AFM cantilever tip may show 

positive or negative deviation, no deviation from a single exponential or deviations that 

oscillate as a the sphere-prism separation approaches zero.  Light scattering from end-glued 

spheres is consistent with the optical scattering pattern anticipated for light circulating within 

WGMs.  The 0I  values for spheres glued beneath AFM cantilevers are constant after contact. 

 

Asperities will result in optical scatter form multiple sites on the sphere surface.  This scattering 

does not pose a problem for force-distance work provided the asperities are not located on the 

sphere surface that contacts the prism and do not compromise the force data. 

 

EW-AFM scattering from spheres glued to AFM cantilevers regardless of the gluing position or 

the presence of asperities show very reproducible scatter from scan to scan.  Scattering is not 

reproducible from experiment to experiment, even when using the same sphere-tip combination 

and with identical experimental parameters. 
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9. OPTICAL EXPERIMENTS: EXPONENTIAL SCATTERERS 

Various types of AFM tips and colloidal probes were checked for exponential scattering as a 

function of separation.  Of the probes tested, only the Veeco NP silicon nitride tips, and the gold 

coated silicon nitride tips from Novascan scattered light exponentially. The gold coated silicon 

nitride tips from Novascan produce about twice the scattering intensity of the silicon nitride 

AFM tips from Veeco.  Silicon ultralevers from Veeco were also tested, but produced no 

measurable scattering.   

9.1 Exponential Scattering 

The exponential decay observed for small AFM tips (either gold coated or silicon nitride) show  

exponential decay profiles that agree with theory.  The scattering profile was checked over a 

range of incident angles and for p and s-polarized light.  These data are a good representation of 

the AR EW-AFM instrument accuracy in determining decay lengths, a demonstration that 

silicon nitride tips scatter exponentially at all separation values, and demonstrate the ability of 

the instrument to achieve sub nanometer resolution when determining the thickness of thin 

films. 

 

Evanescent waves decay exponentially with respect to distance normal to the plane defined by a 

refractive index boundary.  Equation 3.16, 3.17, and 3.18 describe the time averaged intensity of 

the evanescent wave along the x, y, and z-axes of the laboratory frame of reference as a function 

of distance from the refractive index boundary, light wavelength, the incident angle, and the 

refractive indices of the two media.  The decay length for both p and s-polarizations is the same, 

but the evanescent intensity of the s-polarized light is typically half the p-polarized intensity.   

 

There are several experimental parameters that can be used to control the penetration depth, 

and the ultimate distance resolution based on evanescent scattering.  The ideal scenario would 

utilize shorter wavelengths, a large difference in the refractive indices across the boundary 

layer, and angles of incidence far from the critical angle (near 90°) to yield the shortest 

penetration depths.  Short penetration depths show a greater change in intensity for an 

incremental change in distance near the interface.  The present system was designed to work 

near 78°, mid-way between the borosilicate-water critical angle of 61.3° and 90°.   
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Equations 4.9, 4.10 and 4.11 are used to calculate the decay length for the experimental system.  

Accurate determination of separation between the dielectric interface and probe is based on the 

assumption that the decay will be purely exponential.  For non-exponential scattering probes 

(glass, metal, and polymer spheres) one must perform a control experiment to deduce the 

scattering profile for a given sphere in any given experiment.  The evanescent method also 

requires that the optical intensity at contact, 0I , be constant after contact because it serves as a 

reference for contact with the prism surface.   

9.2 Experimental Data 

The following experiment was conducted to test the accuracy and precision of the instrument 

over a range of incident angles, using both p and s-polarized light.  A silicon nitride AFM tip 

from Veeco was used to collect the following data.  The silicon nitride tip is one of the weakest 

exponential scattering probes tested.   

 

Figure 9.1 below shows exponential decay for incident angles of 69.9°, 72.1°, 74.7°, and 77.3°.  

The critical angle for the borosilicate-water interface was 61.3° and the laser wavelength was 532 

nm.  The data in figure 8.1 was collected using p-polarized light and normalized to the optical 

intensity at contact.   

 

 

Figure 9.1  Normalized optical scattering intensity plotted as a function of AFM 
separation for a Veeco NP silicon nitride AFM tip at four angles of incidence.  The critical 
angle for this system is 61.3° for the borosilicate glass-water interface.  
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After normalization both the p and s-polarized scattering data was plotted against the 

theoretical decay length for each of the incident angles to check for decay length accuracy, and 

to check self-consistency between the p and s-polarized data.  Only one of multiple replicate 

measurements is shown.  Replicate measurements are highly reproducible and 

indistinguishable from one another.  

 

 
 

 

Figure 9.2  The natural log of normalized scattering is plotted as function of AFM 
separation for four separate experiments at incident angles of 69.9°, 72.1°, 74.7°, and 
77.3°.  P-polarized data (green circles) and s-polarized data (red +) are plotted with 
respect to the expected theoretical decay length (black line).  In all cases except 69.9°, the 
agreement between experimental and theoretical is excellent. 

 

Table 9.1 contains the mean and standard deviations for scattering data collected at the four 

different incident angles.  Five replicate scattering curves were analyzed at each incident angle 

and polarization using a Matlab program.  In all cases, except data collected at the 69.9° angle, 
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the agreement between experimental data and theoretical values is excellent.  Agreement 

between p and s-polarization is excellent as well.  The theoretical values are calculated using 

equation 3.7 and the optical equations for refraction at the prism glass-air interface where the 

beam enters the dove prism.  A comparison between decay length determined using  p and s-

polarized light shows no trend and no indication of birefringence problems experienced earlier. 

 

Table 9.1  Theoretical and experimental decay lengths measured using p and s-polarized light are 
given for a range of incident angles.  The data was collected using a Veeco NP silicon nitride 
cantilever at a borosilicate-water interface (θcrit = 61.3°). 

Incident Theoretical d Decay Length (p-polarized) Decay Length (s-polarized) 
Angle  (nm) mean SD (N= 5) mean SD (N= 5) 
69.9° 82.25 80.8 0.2 83.4 0.2 
72.1° 73.66 73.9 0.4 73.4 0.3 
74.7° 67.93 68.0 0.1 67.1 0.3 
77.3° 63.95 65.0 0.2 64.6 0.1 

 

A second series of plots are used to check decay length linearity over the first three to four 

decay lengths.  Fractional deviation is plotted with respect to AFM separation for the four 

different incident angles discussed above in figure 9.2.  Both the p and s-polarized data are 

represented on the sample plot for comparison purposes.  Appendix 16.2 contains the Maple 

worksheet used to calculate the incident angle within the dove prism and the theoretical decay 

length as a function of incident angle at the dove prism beveled face and prism refractive index. 



 114

 

 
 

 

Figure 9.3  Fractional deviations for the p and s-polarized scattering data shown in figure 9.2.  
Data collected for both polarizations and at all angles was exponential.   The noise level in the 
data increases with increasing angle of incidence, and is noticeably greater at the 77.3° data 
compared to the 69.9° data.  

 

The fractional deviation plot is essentially identical to a residuals plot when checking a linear 

regression for non-linear trends.  The y = 0 line on each plot corresponds to the experimentally 

determined linear regression through all scattering data points between 25 and 225 nm.   

 

A full force curve analysis was performed using data collected at all four angles, and with both 

polarizations to illustrate the separation precision of the evanescent optical method, and to 

make a direct comparison with the optical lever data acquired simultaneously.  The numerical 
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results from this comparison are found in table 9.2  All data was manipulated using a Matlab 

worksheet.   

 

Figure 9.4 shows analyzed data for the best and worst scenarios.  The best precision is obtained 

nearest the critical angle using p-polarized light, and the poorest precision was obtained using s-

polarized light at angles near grazing.   

 

 

Figure 9.4  Deflection plotted as a function of AFM separation for two different cases.  
Deflection plotted as a function of AFM separation and separation determined using 
evanescent wave scattering at an angle of ~70° using a p-polarized laser (left) and at an 
angle of 77.3 using s-polarized laser beam (right).  The two plots show the best and 
worst-case scenarios explored for the evanescent scattering system.  Separation 
determined using the evanescent scattering system shows noise levels lower than those 
calculated from Δz-displacement with the optical lever method. 

 

Although the evanescent intensity gradient is greatest at angles of incidence near 90°, the 

scattering intensity at any given distance is an order of magnitude or more lower than that 

obtained with the incident angle set near the critical angle.  The theoretical advantage of using 

high angles of incidence does not offset the increased noise level associated with detection of a 

very weak scattering signal.  Table 9.2 contains 0I  intensity data and standard deviations of the 

separation measured at z = 0 at various angles of incidence and both polarizations.   
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Table 9.2  Scattering power levels at a separation of z = 0 for both s and 
p-polarizations at four different incident angles.  Noise levels for angles 
near the incident angle with p-polarized light are lower than those 
collected at greater angles and those collected using s-polarized light. 

Angle 
p-Polarized 

Scattering Power 
s-Polarized 

Scattering Power 

69.1° 2.61 nW 0.92 nW 

72.1° 1.51 nW - 

74.7° 0.91 nW 0.30 nW 

77.3° 0.70 nW 0.24 nW 

 

 

A comparison between data presented earlier (figure 4.22) collected using the MI EW-AFM 

system and the data collected using the AR EW-AFM system shows a dramatic improvement in 

accuracy, agreement between the two methods and a lower noise level compared to the optical 

lever system.  The noise level associated with the evanescent detection system near the critical 

angle using p-polarized light is noticeably better than that obtained with the Asylum Research 

AFM, which is the one of the best instruments currently available for accurate, low noise and 

stable force curve research.    The AR EW-AFM invariably benefits from the good, sound 

engineering and mechanical design of the AR AFM, but the EW detection system shows 

potential as a more accurate and precise separation measurement system beyond what can be 

obtained using the optical lever method employed by all AFM manufacturers.   
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Table 9.3  Minimum measurable film thickness with 95% confidence for the 
optical lever system and the evanescent scattering system based on the 
experimentally measured noise levels. The optical lever and evanescent 
scattering data were collected simultaneously and are listed for the best and 
worst case scenarios discussed previously.  Three replicate data sets are listed. 

Incident Angle Polarization Optical Lever EW Scattering 

  0.70 nm 0.33 nm 
69.1° p-Polarized 0.62 nm 0.28 nm 

  0.59 nm 0.34 nm 
  0.77 nm 1.02 nm 

77.3° s-Polarized 0.94 nm 0.96 nm 
  0.96 nm 0.87 nm 

 

 

A theoretical study of cantilever deflection using interferometry and the optical lever method 

showed that although they have different advantages and limitations, both systems have about 

the same ultimate resolution.60  The data presented here demonstrates that EW AFM has the 

potential to exceed the resolution of the optical lever method.  The noise level can be reduced 

even further by increasing the scattering ability of the AFM tip (use of gold coated cantilevers) 

and by moving the incident angle closer to the critical angle.  Scattering from spheres can be on 

the order of one to two orders of magnitude greater than that observed using AFM tips.  In 

addition, the PMT detector used in the current system is not one with a low signal to noise ratio, 

it was selected because it was inexpensive, and had a 0 to +10 Volt output for direct connection 

to an ADC. 

9.3 Discussion & Conclusions 

Gold coated and silicon nitride AFM tips show scattering intensity profiles that agree with 

theory for both p and s-polarized light at all incident angles tested.  It is not entirely clear 

whether the exponential decay can be attributed to the small tip size or the lower scattering 

intensities observed when the AFM tips are used to sample the evanescent wave intensity. 

 

The noise level associated with the scattering from AFM tips is lowest at angles near the critical 

angle using p-polarized light.  Probe-separation precision using the evanescent scattering 

system is greatest when p-polarized light is used and the scattering angle approaches the critical 

angle. The separation precision of the evanescent scattering system is twice that of the  optical 

lever system with an ultimate separation resolutions of ~0.3 nm and ~1.0 nm, respectively. 
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10.  MEASUREMENT OF SURFACTANT FILM THICKNESS 

Experiments were conducted using didodecyldimethylammonium bromide (di-C12DABr) 

surfactant to explore the correlation between the jump-in distance measured using the optical 

lever method, and the distance determined using the change in evanescent scattering intensity.  

Evanescent wave scattering results were compared to the optical lever results at two different 

angles of incidence using p and s-polarized light.  The incident angle was varied to check the 

thickness reported with the evanescent wave at angles above the fused silica-lipid critical angle 

and at angles just below the critical angle to check if the refractive index of the thin lipid layer 

would substantially perturb the measured film thickness. 

10.1 Experimental Results: Surfactant Film Thickness Measurements at θ  > θ crit 

Figure 10.1 shows a sample plot of the intensity data (after background subtraction) showing 

the jump in scattering intensity as the AFM tip ruptures the di-C12DABr surfactant multilayer.  

The value of 0I  ( ~5.5 V. ) is determined after the jump-in occurs. The red trace is I(s) plotted 

with respect to AFM separation and is used to determine the experimental decay length.  The 

I(s) data plotted with respect to LVDT (black) is used to show the step in I(s) as the tip jumps 

into contact with the surface after rupturing the di-C12DABr Film 

 

 

Figure 10.1  Scattering intensity as a function of AFM separation (red trace) and raw 
LVDT output (black trace).  This plot demonstrates the change in the evanescent 
scattering intensity (PMT voltage) as a function of the ~5 nm change in tip-prism distance 
as it ruptures the C12DABr bilayer and contacts the prism surface. 
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Data collected above the critical angle (evanescent wave theoretically forms at the fused silica-

lipid layer interface) at an incident angle of 80° shows a jump in distance of 4.8 ± 0.3 nm for the 

optical lever method and 5.0 ± 0.3 nm based on evanescent decay.  There is good agreement 

between the evanescent distance method and the jump-in distance determined using the optical 

lever approach.  Close inspection of the data shows that the lipid layer compresses about 1 nm 

before it ruptures.     

 

 

Figure 10.2  This plot shows cantilever deflection determined from the AFM optical lever 
method plotted with respect to distance from the LVDT-deflection method (blue circles) 
and the EW absolute method (red diamonds).  The incident angle was set to 80°, about 2° 
greater than the critical angle if the lipid layer has a refractive index of ~1.43 using p-
polarized light at 532 nm.   

 

The chain length for the C12DABr tail ranges between 1.7 nm for an all trans conformation to 1.6 

nm for an all trans conformation with a gauche kink near the ammonium head group.  The di-

chain surfactant will form a bilayer at both the fused silica surface, and at the surface of the 

AFM tip.  One would expect the film thickness for a bilayer at each surface with zero applied 

force to be on the order of 6.3 to 6.9 nm from molecular models.  
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10.2 Effect of the Lipid Layer Refractive Index on the Evanescent Wave 

There was some concern that the refractive index of the lipid layer, a double chained 

didodecyldimethylammonium bromide (C12DABr)surfactant bilayer, would perturb either the 

decay length of the evanescent wave emanating from the fused silica-lipid interface, or shift the 

evanescent decay to the lipid-water interface.  The fused silica-lipid critical angle is between 75° 

and 78° based on the refractive index of fused silica, n = 1.4616 at 532 nm, and the lipid film 

which has a refractive index of ~1.41 to ~1.43 based on ellipsometry experiments. 

 

 

Figure 10.3  Exponential decay across a lipid layer at the prism surface.  A. θ is greater 
than θcrit in this case, and the evanescent wave is theoretically generated at the prism-
lipid interface.  B. θ is less than θcrit and the evanescent wave should theoretically be 
generated at the lipid-water interface. 

 

The experiment was performed at an angle of 80° as a control (section 10.1), and repeated again 

at an angle of 72°, which theoretically should shift the evanescent wave to the lipid-water 

interface.  Figure 10.4 is a plot of the critical angle as a function of the double chained lipid 

bilayer refractive index, n2, immediately adjacent to the fused silica prism, n1 = 1.4616.  The 

control experiment at 80° and the experiment performed at 72° are a few degrees greater than 

and less than the fused silica-lipid critical angle, respectively. 
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Figure 10.4  This plot shows the experimental parameters used in two experiments with a 
lipid film at the surface of a fused silica prism.  Fused silica has a refractive index (n = 
1.4616) near that of the lipid layer (n = 1.43).  By performing the experiment at an 
incident angle of 80° and at 72° the evanescent wave boundary will theoretically shift to 
the water-lipid interface.  The red line marks the critical angle for the n1, n2 interface as a 
function of n2 refractive index. 

 

Data collected less than the critical angle (evanescent wave theoretically forms at the lipid-water 

interface, see figure 10.5) using p-polarized light shows a jump in distance of 4.4 ± 0.4 nm based 

on the optical lever method and 4.5 ± 0.2 nm for the evanescent wave method.  Data collected 

greater than the critical angle using p-polarized light shows a jump in distance of 4.8 ± 0.3 nm 

based on the optical lever method and 5.0 ± 0.3 nm for the evanescent wave method (see figure 

10.2).  The surfactant film thickness was determined at the same applied force in each case.   
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Figure 10.5  This plot shows cantilever deflection determined from the AFM optical lever 
method plotted with respect to distance from the LVDT-deflection method (blue circles) 
and the EW absolute method (red diamonds).  The incident angle was set to 72°, about 3° 
less than the critical angle if the lipid layer has a refractive index of n ≈ 1.41 and p-
polarized light at 532 nm was used.   

 

 

 

Figure 10.6  This plot shows cantilever deflection determined from the AFM optical lever 
method plotted with respect to distance from the LVDT-deflection method (blue circles) 
and the EW absolute method (red diamonds).  The incident angle was set to 72°, about 3° 
less than the critical angle and s-polarized light at 532 nm was used.   
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Film thickness experiments with the incident angle set a few degrees below the lipid-glass 

interface critical angle show results consistent with film thickness measurements performed 

above the critical angle and are consistent with the results obtained using the optical lever 

method.  This is not entirely surprising, since work done by Citra, et. al using infrared radiation 

and α-helix proteins sandwiched in phospholipid layers demonstrated experimentally that very 

thin lipid films present at the prism surface where the evanescent wave is generated do not 

perturb the mean squared electric field strength (intensity) as one would expect based on 

theory.   

 

When using AFM probes to sample the evanescent wave intensity the evanescent wave is not 

sampled by an infinitely small scattering center, but by the entire volume of the probe or tip as 

it is immersed in the evanescent wave.46  Small changes in the penetration depth over a distance 

of only ~5 nm confined near the probe tip may be inconsequential compared to the scattering 

cross section of the entire probe immersed in the evanescent wave with a penetration depth on 

the order of 75 nm.  

10.3 Discussion and Conclusions 

The evanescent wave decay length and optical scatter intensity can be used to determine the 

thickness of surfactant films adsorbed at the prism surface.  Film thickness determined using 

the evanescent method are in good agreement with thickness measured using the optical lever 

method.  Table 10.1 contains a measurement of the C12DABr surfactant film using both the 

evanescent wave and optical lever methods for experiments above and below the critical angle. 

 

Table 10.1  Thickness of the C12DABr film measured using the optical lever 
method, and  the evanescent scatter method at incidence angles greater than and 
less than the lipid-glass interface critical angle. 

Condition Optical Lever Evanescent Scattering 

θ  > θ crit,  p-pol 4.8 ± 0.3 5.0 ± 0.3 
θ  < θ crit,  p-pol 4.4 ± 0.4 4.5 ± 0.2 
θ  < θ crit,  s-pol 3.5 ± 0.6 4.5 ± 0.3 

Theoretical thickness (4 layers) 6.4 – 6.9 nm 

 

The evanescent method has the advantage of measuring distance in real time based on optical 

scatter intensity from the surface where the evanescent wave is generated.  The optical lever 

method determines distance from the “top-down” by tracking deflection of the cantilever as the 
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tip or spherical probe presses through an adsorbed surfactant or polymer film.  The light-lever 

deflection method does not provide any indication of whether the AFM probe or tip has made 

intimate contact with the sample surface.  The evanescent wave system can provide this 

information if the solution used for the control experiment has the same refractive index as the 

solution used to introduce the lipid film or  adsorbate.  Any change in the penetration depth, as 

a function of refractive index change, will result in erroneous adsorbate thickness 

measurements using the evanescent wave system. 

 

The EW system is much more consistent and less prone to bias by choice of the constant 

compliance regression limits used to calibrate the optical lever sensitivity.  Non-linearity in the 

optical lever data is very apparent once the raw deflection exceeds ±5 V.   

 

As demonstrated in Section 9, the evanescent scattering system has better precision than the 

optical lever detection system.  The evanescent scattering system is also more accurate when 

determining probe-surface separation than the optical lever system because it does not rely on a 

linear regression of cantilever deflection with respect to piezo z-displacement to determine 

separation.  The evanescent decay scattering intensity can be used to determine probe-surface 

separation directly and compensate for mechanical drift in real time.  This real-time method of 

determining probe-surface separation can be applied to force-distance experiments and imaging 

applications. 
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11.   IMAGING APPLICATIONS: UNIFORM EW FOR HEIGHT CONTROL OVER A 

TWO-DIMENSIONAL AREA WITH SIMULTANEOUS FORCE DATA 

ACQUISITION 

11.1 Introduction 

Scanning near-field optical microscopy (SNOM) is the combination of three-axis spatial control 

used in AFM or STM with an optical fiber that has been modified to emit or collect light 

through a sub-wavelength aperture.  The initial SNOM aperture systems were contact type 

instruments and height control was accomplished using STM feedback.61,62   In 1989 Fischer and 

Pohl utilized the optical decay of the EW as a means of judging probe-surface separation.63  

Between 1989 and 1990 the apertureless SNOM or photon tunneling scanning microscope 

(PSTM) was developed by Reddick64 and other research groups.65 66  Various adaptations to the 

basic SNOM and PSTM configurations have been developed, adaptations include the use of 

lateral force mode in combination with SNOM tips to obtain friction and optical information 

simultaneously.67,68 and the use of a lock-in detection in combination with an oscillating SNOM 

probe69.  Lock-in detection of scattering from an oscillating AFM tip has been used to acquire 

sub-wavelength optical information from fluorescent centers.18,19  Imaging of fluorescent centers 

imbedded in phospholipid bilayers was demonstrated using apertureless SNOM in 

combination with contact mode AFM by Burns and Shaw.3,70  Sarkar et al. used stokes scattering 

from a quantum dot suspended in an EW to determine the length of a protein strand attached to 

an AFM probe as it was unraveled under tension.4  Others have utilized the combination of 

AFM and SNOM  or PSTM to map perturbations to the electric field intensity of the evanescent 

wave in the vicinity of metal nanoparticles71 and microspheres stuck to the surface of the prism 

where the evanescent wave is generated.  In these applications the optical system acquires 

electric field intensity data as the probe scans across the prism surface in contact mode.  

Balistreti et al. acquired three-dimensional evanescent wave intensity information by scanning 

the AFM tip or SNOM probe vertically as the tip is rastered across a two dimensional area.72  

The predominant use of the SNOM optical imaging capability has been to map evanescent wave 

inhomogeneities and perturbations or to visualize fluorescent centers with sub-wavelength 

resolution.   

 



 126

The EW-AFM system was designed to generate a very stable evanescent wave both temporally 

and spatially which can be used as a real time height reference for force-distance experiments or 

in imaging applications while the optical lever system is used to capture force or tension data. 

 

Constant scattering (height) mode can be used for several different applications, such as control 

of colloidal probe-prism separation over time as  the solution properties change e.g. ionic 

strength, solute concentration, pH, etc.  One can also set the system up to monitor slow kinetic 

processes such as adsorption of polymers or surfactants that progressively perturb or alter the 

double layer force or charge profile.  In such applications the EW system is used to maintain 

precise control of the probe or microsphere separation, while the optical lever deflection system 

monitors change in cantilever flex from force changes between the colloidal probe and surface.   

11.2 Real Time Constant Scattering (Height) Control in a Two-Dimensional 

Scanning Application 

To configure the EW-AFM to operate in constant scattering (height) mode, the feed back from 

the optical scattering must be fed to the z-piezo control system.  In order to accomplish this the 

0-10 V output from the PMT is fed into the UserIn0 BNC connector.  This input was linked to 

the FastIn ADC via the Crosspoint panel.  The FastIn ADC is the analog digital converter in the 

AR AFM controller designed to control z-piezo position in real time.  In order to capture the 

deflection signal, the cross point panel was used to shunt the deflection signal from the optical 

lever system over to ADC InA.  The height at which the AFM tip will fly over the surface is 

controlled by setting the force set point voltage to a value just less than the 0I  voltage obtained 

when the probe-surface separation is zero.  The laser incident angle is set to ~63° and p-

polarized light at a wavelength of 532 nm was used.  The probe used in these experiments was a 

Novascan gold coated silicon nitride tip.  
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Figure 11.1  Evanescent Wave-Atomic Force Microscope cartoon.  Scattering from the 
evanescent wave can be used to determine absolute probe-prism separation in real time.  
The AFM can be configured to feedback on either the scatter signal (constant separation 
mode) or the cantilever deflection signal (constant force mode). 

 

The AR EW-AFM was configured to operate in constant force mode and the surface of a Schott 

D-263 glass slide was scanned to determine the surface roughness.  Optical scatter from the gold 

tip (figure 11.3) was logged at the same time the surface roughness was measured in constant 

force mode (figure 11.2).  The evanescent scatter intensity data at s = 0 nm is used to determine 

an average 0I  over the area scanned.  Figure 11.3 demonstrates that the 0I  voltage obtained 

when scanning at s = 0 is not constant.  The undulation observed using the DPSS laser is much 

less than that observed using the Ar-ion laser and may be attributed to difficulties associated 

with keeping the evanescent wave formed at the prism surface in register with the tip as the 

prism is scanned beneath the z-piezo.  An average of all 512 x 512 matrix entries was used to 

determine 0I .   
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Figure 11.2  2 × 2 μm AFM height image 
showing surface roughness of a Schott’s D-
263 glass slide. 

 Figure 11.3  2 × 2 μm AFM evanescent wave 
scattering image at s = 0.  This image was 
used to determine an average I0 value over 
the 2 μm square area and to determine the 
degree to which I0 varies over the scanned 
region. 

 

The AR AFM is reconfigured to operate in constant scattering mode and the height at which the 

EW-AFM will scan above the surface is specified by specifying a set-point voltage less than 0I  

to be maintained by the feedback system.  Figures 11.4 and 11.5 show two scans obtained 

simultaneously while operating in  constant scattering (height) mode. Figure 11.4 contains the z-

piezo height adjustments made by the feedback system to maintain the specified scattering 

intensity (voltage) specified in the controller software.  Figure 11.5 is the scattering intensity 

with respect to x,y-position measured by the evanescent scatter system.  The intensity set-point 

values specified in the software are listed with the data collected at those particular set-points.  

Figure 11.5 demonstrates that the feedback system is able to maintain the specified target 

voltage (scattering intensity) as the x,y-stage scans the prism over a two dimensional area.  At a 

voltage setting of 8.48 V the feedback system becomes unstable and oscillates due to an 

interaction between the probe and the surface and can be seen as a dark horizontal band on 

figure 11.4.  The scattering intensities shown in figures 11.3, 11.5, and 11.9 are raw scattering 

values and include both background scattering and evanescent scattering from the AFM probe. 
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  Figure 11.5  2 × 2 μm AFM evanescent wave 

scattering intensity image acquired 
simultaneously with figure 11.4.  This figure 
shows the scattering intensity recorded as 
the prism was scanned beneath the AFM 
probe.  The only features present are 
changes to the scattering intensity set-point 
voltage as the prism was scanned beneath 
the probe. 

Cross-section.  A vertical cross section of the 
AFM scattering intensity set-point map 
taken at x = 1.00 μm. 

 

A plot of scattering intensity with respect to AFM separation was used to determine the 

experimental decay length and to check for deviation from exponential scattering at an incident 

angle of 63° using p-polarized light.  The experimental decay length was 183.3 nm and the 

theoretical decay length for this system based on the refractive indices and incident angle was 

183.5 nm. 

Figure 11.4  2 × 2 μm AFM height image 
with the AFM operating in constant 
height mode with feedback on  the 
evanescent scatter signal.  This image 
shows adjustments to the z-piezo height 
made by the feedback system to 
maintain constant scattering intensity as 
prism is scanned beneath the AFM 
probe.  Note that z-corrections are small, 
typically less than ± 1 nm. 
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Figure 11.6  The natural log of the intensity data minus the background scatter intensity  
is plotted with respect to AFM separation.  The inverse of the regression slope reveals the 
penetration depth, d.  This particular data set was taken with a gold coated silicon nitride 
AFM tip from Novascan using p-polarized light at an incident angle of 63º.  The 
experimental decay length is 183.3 nm and the theoretical value is 183.5 nm.   

 

Probe-surface separation with respect to x,y-position is calculated using equation 11.1 where 

raw scattering intensity is ),( yxI raw , the mean value for the scatter intensity at contact is 0I , and 

∞I is the background scattering intensity. 
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ln),(     (11.1) 

 

Figure 11.7  Cross-section showing probe-surface separation, ),( yxsev  at x = 1.00 micron 
based on the evanescent scatter intensity data from figure 11.5.  The closest approach 
achieved in this scan was about 6 nm which corresponds to a voltage setting of 8.45 V.  
Increasing the voltage to 8.48 V resulted in an unstable feedback condition seen as a dark 
horizontal band in figure 11.4 and at the point marked by the black arrow in the above 
figure.  
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Figure 11.7 is a cross section of the scan height, ),( yxsev  at x = 1.0 micron based on the 

evanescent scatter data from figure 11.5.  The closest approach achieved in this scan was about 6 

nm which corresponds to a voltage setting of 8.45 V.  Increasing the voltage to 8.48 V resulted in 

an unstable feedback condition marked in figure 11.7 by the black arrow.   

 

 

Figure 11.8  2 × 2 μm AFM height image 
with the AFM operating in constant 
scattering (height) mode with feedback on 
the evanescent scatter signal.  This image 
shows adjustments to the z-piezo height 
made by the feedback system to maintain 
constant scattering intensity as prism is 
scanned beneath the AFM probe.  Note that 
z-corrections are small, typically less than ±
1 nm and the evanescent wave intensity is 
almost independent of prism position. 

 

 Figure 11.9  2 × 2 μm AFM evanescent wave
scattering intensity image acquired 
simultaneously with figure 11.8.  This figure 
shows the scattering intensity recorded as 
the prism was scanned beneath the AFM 
probe.  The featureless nature of this image 
indicates that the evanescent wave optical 
feedback system was able to maintain 
optimal probe-surface separation during the 
entire 2 × 2 μm scan. 

 

Figures 11.8 and 11.9 are height and evanescent scatter intensity data for the AR EW-AFM in 

constant scattering (height) mode over a 2.00 × 2.00 μm area.  Figure 11.8 shows changes made 

to the z-piezo height to maintain the desired scattering intensity as the prism (sample) was 

scanned below the gold coated silicon nitride AFM probe.  Ideally, the height image would be 

devoid of any features and show only high frequency noise or “snow” as is seen in figure 11.9.  

The features present in figure 11.8 are intensity undulations present in the evanescent wave and 

present a background artifact that would be present along with correction for cantilever flex by 

the z-piezo feedback system in a force mapping experiment at a constant scan height.  The z-

range color map in figure 11.8 was set to ± 1.0 nm.  Figure 11.10 shows a histogram of height 

deviations from the stipulated height value of 5.75 nm.  Despite the undulation in the 
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evanescent wave, the height accuracy of the system is less than ± 1 nm when scanning over a 

2.00 x 2.00 μm range.  

 

 

Figure 11.10  Histogram of the height corrections made by the z-piezo to compensate for 
variations in the evanescent wave intensity with respect to prism x,y-position.  Note that 
almost all z-height compensations are within ± 1 nm of the specified scan height. 

 

Figure 11.11 is a composite constructed from three vertical cross section plots of surface 

roughness data taken from figure 11.2 (blue trace), scan height based on the optical scatter data 

from figure 11.9 (gray trace) and z-adjustments made by the feedback system to maintain the 

scattering scan set-point voltage are represented by the red trace (from figure 11.8).  The closest 

approach obtained without loosing control of the feedback loop was 5.8 nm ± 1.0 nm using a 

gold coated silicon nitride cantilever with a force constant of 0.12 N/m.   

 

 

Figure 11.11  Composite plot constructed from three cross sections; surface roughness 
data taken from figure 11.2 (blue trace), scan height based on the optical scatter data  
from figure 11.9 (gray trace) and z-adjustments made by the feedback system to maintain 
the scattering scan set-point voltage are represented by the red trace (figure 11.8).   The 
closest approach obtained without loosing control of the feedback loop was 5.7 nm ± 1.0 
nm using a gold coated silicon nitride cantilever with a force constant of 0.12 N/m. 
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Figure 11.12 is a height image of the same data presented in figure 11.8 but with the z-scale reset 

to a range of ± 4 nm.  Figure 11.12 demonstrates that height data artifacts from inconsistencies 

in the evanescent wave intensity only result in a minor background error for a system that 

would exhibit a change of ± 0.48 nN as the AFM tip scans over the surface at a height of ~6 nm.  

AFM cantilevers are available with weaker spring constants on the order of 0.05 N/m which 

would resolve force changes of ±0.20 nN. 

 

         

Figure 11.12  EW-AFM height image of the data presented in figure 11.8 but with the z-
scale reset to a range of ± 4 nm.  This figure demonstrates that height data artifacts from 
inconsistencies in the evanescent wave intensity only result in a minor background error 
for a system that would exhibit a change of ± 0.48 nN as the AFM tip scans over the 
surface at a height of ~6 nm.  AFM cantilevers are available with weaker spring constants 
on the order of 0.05 N/m which would resolve force changes of ±0.20 nN. 

 

With the EW feedback capability coupled with the AR AFM scanning stage it is possible to scan 

the tip a prescribed distance over a planar surface without ever making contact between the 

two.  This new imaging mode has promise as one solution for mapping surface properties such 

as charge, hydrophobicity, or any other chemical property that can be manifest as a force over a 

finite distance, such as perturbations to the electrical double layer in solution by a silica surface 

or from the various domains of a phase separated polymer.  It has the advantage of coming near 

to the surface with out actually making contact and avoids problems associated with physical 

contact between delicate chemically modified surfaces.  
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11.3 Constant Scattering (Height) Imaging Applications 

Constant scattering (height) imaging has the potential to image charge heterogeneity at an 

interface by logging changes in electrostatic or hydrophobic force as the sample is scanned 

beneath the EW-AFM tip.  The EW-AFM can approach to within 5 nm of a surface and scan in 

constant scattering (height) mode above a 2 × 2 μm area with ± 1 nm precision.  Changes in force 

on the order of 0.5 nN to 0.2 nN could be resolved with sub-micron resolution using the current 

system. 
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12. CONCLUSIONS: EW-AFM INSTRUMENT  

The EW-AFM  was conceived to overcome the lack of a direct method to determine probe-

surface separation using the optical lever system employed in atomic force microscopy.  The 

evanescent wave atomic force microscope can be used to determine absolute probe-surface 

separation in real time with sub-nanometer accuracy and precision.  The EW-AFM has 

demonstrated the ability to measure height with 3 Å precision in force mode and less than 2 nm 

precision in constant scattering (height) imaging or force-distance mode with the feedback on 

the evanescent scattering.   

 

AFM probe-surface separation determined using the evanescent scattering method shows better 

probe-sample separation precision than the most stable AFM system on the market.  This 

method is more reliable than the optical lever method for determining distance, because it does 

not rely on a linear regression of cantilever deflection with respect to z-piezo translation to 

determine probe-sample separation.  The non-linear nature of the optical lever method becomes 

apparent when the two methods are compared side by side.  In addition, the evanescent wave 

atomic force microscope can determine absolute probe-surface separation in real time in 

contrast to the optical lever method which relative and susceptible to drift.  Excellent force-

distance results are obtained when cantilever deflection data is used solely to determine applied 

force, and distance is determined using direct, optical observation of the tip position based on 

the evanescent scatter intensity. 

 

The EW-AFM  has retained the ability to measure very weak forces as a function of distance, or 

to measure force at constant probe-surface separation.  The absence of force on the AFM probe 

from a tightly focused laser beam is attributed to the decision to implement a design that does 

not utilize a TIRF objective.  Systems utilizing a TIRF objective to generate an evanescent wave 

at a glass slide surface focus a tremendous amount of optical power onto the AFM probe which 

can result in localized heating and optical trapping.  The EW-AFM may be used with probes 

that scatter the evanescent wave elastically or fluoresce. 

 

Two EW-AFM instruments were built during the last two years.  The quality and precision of 

the present instrument is due in a large part to the well designed Asylum Research AFM.  

Lessons learned from the first generation instrument were considered when designing the 

second instrument.   
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12.1 Non-Exponential Scattering of Evanescent Waves by Colloidal Sized Spheres 

The use of the end-glued microsphere makes the instrument a valuable asset to those of the 

optical community for the study of evanescent scatter by dielectric spheres.  There is a fair 

amount of theoretical literature on optical scattering, but very few experimental papers to 

validate scattering models.  The end-glued microsphere also could be used as effectively with a 

sample scanning AFM such as the Veeco MultiMode system as it is with the Asylum Research 

AFM.   

 

Fractional deviation curves for spheres glued to the end of the AFM cantilever tip may show 

positive or negative deviation, no deviation from a single exponential or deviations that 

oscillate as a the sphere-prism separation approaches zero.  Light scattering from end-glued 

spheres is consistent with the optical scattering pattern anticipated for light circulating within 

WGMs.  The 0I  values for spheres glued beneath AFM cantilevers are constant after contact. 

 

Spheres glued beneath the AFM cantilevers typically show negative fractional deviation values 

at zero sphere-prism separation distances regardless of the laser polarization.  The 0I  values for 

spheres glued beneath AFM cantilevers are not constant after contact due to scatter from the 

AFM cantilever underside.   

 

EW-AFM scattering from spheres glued to AFM cantilevers regardless of the gluing position or 

the presence of asperities show very reproducible scatter from scan to scan.  Scattering is not 

reproducible from experiment to experiment, even when using the same sphere-tip combination 

and with identical experimental parameters. 

 

Ray tracings of evanescent light coupled into 20 μm diameter spheres show that a portion of the 

light never escapes the sphere, but circulates within the sphere in WGMs regardless of incident 

angle or polarization.  FDTD models by other researchers show that some light is always 

trapped in WGMs.  Experimental results with 20μm diameter end-glued spheres show that 

substantial light is scattered down into the prism after traveling a path of 270º in the plane of 

incidence around the sphere perimeter.  Glass and polystyrene spheres tend to have fractional 

deviation curves that deviate from a single exponential regardless of the gluing position.  The 

observed deviation from a single exponential may be due to light scattered back into the prism 

where the evanescent wave is generated.   
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Asperities will result in optical scatter form multiple sites on the sphere surface.  This scattering 

does not pose a problem for force-distance work provided the asperities are not located on the 

sphere surface that contacts the prism and do not compromise the force data. 

12.2 Exponential Scattering of Evanescent Waves by Small AFM Tips 

Gold coated and silicon nitride AFM tips show scattering intensity profiles that agree with 

theory for both p and s-polarized light at all incident angles tested.  It is not entirely clear 

whether the exponential decay can be attributed to the small tip size or the lower scattering 

intensities observed when the AFM tips are used to sample the evanescent wave intensity. 

 

The best probe-surface separation precision is obtained when the EW-AFM is operated at 

incident angles near the critical angle using p-polarized light.  The separation precision of the 

evanescent scattering system is twice that of the optical lever system with an ultimate 

separation resolutions of 3 Å for the evanescent scattering system and 1.0 nm for the optical 

lever system. 

12.3 Measurement of Surfactant Film Thickness by EW-AFM 

The evanescent wave decay length and optical scatter intensity can be used to determine the 

thickness of surfactant films adsorbed at the prism surface.  Film thickness determined using 

the evanescent method are in good agreement with thickness measured using the optical lever 

method.  

 

The evanescent method has the advantage of measuring distance in real time based on optical 

scatter intensity from the surface where the evanescent wave is generated.  The optical lever 

method determines distance from the “top-down” by tracking deflection of the cantilever as the 

tip or spherical probe presses through an adsorbed surfactant or polymer film.  The light-lever 

deflection method does not provide any indication of whether the AFM probe or tip has made 

intimate contact with the sample surface.  The evanescent wave system can provide this 

information by conducting a control experiment if the solutions used in successive experiments 

have the same refractive index as the control.  Any change in the penetration depth, as a 

function of refractive index change, will result in erroneous adsorbate thickness measurements 

using the evanescent wave system. 
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12.4 Constant Scattering (Height) Imaging Application 

The EW-AFM can approach to within 5 nm of a surface and scan in constant scattering (height) 

mode above a 2 × 2 μm area with ± 1 nm precision.  Changes in force on the order of .5 nN to .2 

nN could be resolved with sub-micron resolution using the current system.  Constant height 

imaging has the potential to image charge heterogeneity at an interface by logging changes in 

electrostatic or hydrophobic force as the sample is scanned beneath the EW-AFM tip.   
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13. RECOMMENDATIONS 

13.1 Excessive PMT Noise 

The ultimate precision of the EW-AFM is influenced by the total noise level of all components 

that comprise the system.  The PMT module used to collect all the data contained in the present 

dissertation was chosen for its economy and ease of integration with the light microscope and 

AFM controller.  Other optical detection technologies such as the avalanche photodiode or the 

channel photo multiplier or high-end photomultiplier systems that utilize  separate detector 

tubes and power supplies may have lower signal to noise levels and may result in significant 

improvement in height precision when the EW-AFM is operated in constant height mode. 

13.2 Elimination of the Image Plane Detection System 

The detection scheme employed in the current system focuses an image of the scattered light 

onto the detector.  Future detection systems should employ an optical set up that does not 

preserve an image of the scattering, but focuses it to a point for detection to avoid artifacts that 

result from changes in the scattering size or pattern. 
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14. FUTURE WORK 

14.1 Imaging of Surface Charge Heterogeneity 

The EW-AFM may be used to determine charge heterogeneity at the solid-liquid interface with 

sub-micron spatial resolution.  By operating the EW-AFM in constant height scanning mode, 

changes in force between the probe and the sample surface will be manifest as the probe is 

scanned a specified distance above the surface. 

14.2 Imaging of Surface Bound Functional Groups 

The EW-AFM has promise as a tool for mapping functional groups present at the solid-liquid 

interface.  By operating the EW-AFM in constant height mode as a sample surface is scanned 

beneath an appropriate AFM probe properties such as charge, hydrophobicity, or chemical 

functional group can be mapped.  The system can map this information by observing force 

changes manifest at a finite separation between an appropriately modified probe and the 

sample surface.  This method has the advantage of coming near to the surface with out actually 

making contact and avoids problems associated with physical contact between delicate 

chemically modified AFM probes and delicate sample surfaces.  
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16. APPENDIX 

16.1 Matlab® Data Analysis Code  

16.1.1 Asylum Research EW-AFM Analysis Revision 2 

% Evanescent Wave-Atomic Force Microscopy Data Analysis Program 
% Filename: EwAfmAnalysis_AR2.m 
% Spencer Clark 
% Program Date: 20 September 2004 
 
% Revision History 
% Revision to include deflection data: 13 December 2004 
% Revision to include plot labels: 3 Jan 2005 
% Revision to include linear regression of zero deflection: 12 April 2005 
% Revision to include publication worthy plots, compute withdrawl data remotely: 25 May 2005 
 
% Initial file parameter inputs 
WorkingDirectory = 'E:\'; 
BaseFileName = 'Surfactant_0000'; 
 
Suffixes = [1]; 
 
% Remote switches (0 = Off,  1 = On) 
SaveFile = 0; 
ApproachOn = 1; 
Normalization = 0; 
 
FileNameLength = length(BaseFileName); 
%FileNumber = 20; 
FileNumber = length(Suffixes); 
 
% Offset from Contact for InvOLS 
InvolOffset = 50; 
InvolNumber = 100; 
 
% Offset from software determined contact point for zeroing AFM deflection signal 
ZDoffset = 75; 
ZDNumber = 75; 
 
% Offset from software determined contact point for selecting an I-not data range 
INotOffset = InvolOffset; 
INotNumber = 20; 
 
% Start and Stop regions for calculation of a mean evanescent decay length and linear regression. 
Start =  25; 
Stop = 200; 
 
% I-infinity range 
InfinityStart =300; 
InfinityStop = 100; 
InfinityBuffer = 30; 
 
InfinityOffset = 0.000; 
 
% Distance from contact to truncate plots (plot-only value) 
TruncatePlot = 500; 
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% Loop to import data 
for nnn = 1:FileNumber; 
         
    % Creation of filename series 
    %OverwriteLength = length( num2str( nnn-1 )); 
    %IndexChar = num2str( nnn-1 ); 
    OverwriteLength = length( num2str( Suffixes(nnn) )); 
    IndexChar = num2str( Suffixes(nnn) ); 
       
    % Import and construction of data matrix 
    TotalFileName = [BaseFileName(1:FileNameLength-OverwriteLength) IndexChar '.txt']; 
     
    IgorData = dlmread(TotalFileName, '\t'); 
    FileLength = size(IgorData,1); 
        
    n = 1; 
     
    for cnt = 1:length( TotalFileName); 
        if TotalFileName(cnt) == '_'; 
            PlotFileName(cnt) = ' '; 
        else PlotFileName(cnt) = TotalFileName(cnt); 
        end 
    end 
                 
     
    % Note: Altered from "Approach(:,2:5,n)" since the DPSS laser doesn't need 
    % correction for amplitude fluctuation, data in column 5 
     
    % Analyze Approach (if statement) or Withdraw Data (else statement) 
    %--------------------------------------------------------------------------------- 
    if ApproachOn == 1 
        Approach(:,2:4,n) = IgorData(FileLength/2:-1:1,1:3,n); 
    else 
        Approach(:,2:4,n) = IgorData(FileLength/2+1:FileLength,1:3,n); 
    end 
    %--------------------------------------------------------------------------------- 
 
 
    % Analysis of AFM data 
    % Conversion of IgorPro LVDT data from units of meters to nanometers 
    Approach(:,2,n) = Approach(:,2,n)*(-1.00000e9); 
 
    % Conversion of IgorPro Deflection data from nanometers to DeflVolts (overwrites old data) using 1.000 nm per 
Volt. 
    % Apparently IgorPro saves the DeflVolts as Deflection (multiplied by InvOLS) 
    RawInvOLS = 1.00000; 
    Approach(:,3,n) = Approach(:,3,n)/RawInvOLS; 
 
    % Automatic determination of contact point from deflection data 
    Threshold = 0.015; 
 
    for nn = InvolOffset+InvolNumber+1:FileLength/2-5; 
        if abs( Approach(nn,3,n)-Approach(nn+5,3,n) ) < Threshold 
            ContactA = nn 
            break 
        end 
    end 
    
    % Zero Deflection limits for regression and mean 
    ZDA(1) = ContactA+ZDoffset;    
    ZDA(2) = ContactA+ZDoffset+ZDNumber; 
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    ZDA(3) = (FileLength/2)-(5+ZDNumber); 
    ZDA(4) = (FileLength/2)-5; 
     
    % Regression and correction for sloping deflection baselines 
    ApproachBaseX = horzcat( Approach(ZDA(1):ZDA(2), 2, n), Approach(ZDA(3):ZDA(4), 2, n) ); 
    ApproachBaseY = horzcat( Approach(ZDA(1):ZDA(2), 3, n), Approach(ZDA(3):ZDA(4), 3, n) ); 
     
    ZeroDeflFit = polyfit( ApproachBaseX, ApproachBaseY, 1 );   
    Approach(:,3,n) = Approach(:,3,n)-( (ZeroDeflFit(1,1)*Approach(:,2,n))+ZeroDeflFit(1,2) ); 
 
    % Actual calculation of Zero Deflection (will be near zero when correction regression is utilized) 
    ZeroDeflA = mean(Approach(ZDA(1):ZDA(2), 3, n)); 
 
    % INVOLS Parameters 
    InvolA(2) = ContactA-InvolOffset; 
    InvolA(1) = ContactA-InvolOffset-InvolNumber; 
    InvolsA = polyfit(Approach(InvolA(1):InvolA(2), 3, n), Approach(InvolA(1):InvolA(2), 2, n), 1); 
  
    % Zero Separation parameter from InvOLS parameter 
    ZeroSepA = mean( Approach( InvolA(1):InvolA(2),2,n ) + InvolsA(1)*(ZeroDeflA - 
Approach(InvolA(1):InvolA(2),3,n))); 
         
    % Analyzed Data:  
    % Column1 = Data point number 
    % Column2 = "s" is calculated w.r.t LVDT in nanometers with Deflection Correction applied 
    % Column3 = Deflection in nanometers (for conversion to force at some future date) 
    % Column4 = Evanescent scatter voltage - Voltage at infintiy w.r.t corrected separation 
    % Column5 = Normalized  or UNnormalized Evanescent Scatter 
    % Column6 = Ln( Normalized or UNnormalized Evanescent Scatter ) 
    % Column7 = Extrapolated linear regression of Column6 constant decay length region 
    % Column8 = Residuals (in the natural log domain) OR Fractional Deviation 
    % Column9 = Absolute Separation from Evanescent Data 
    % Column10 = Raw LVDT or  z(V) 
    % Column11 = SFA Deflection 
 
    % Filtered for Ar-Ion laser drift and noise (overwrites original data) 
    % Note:  I disabled this function. Not needed for the 532 nm DPSS laser 
    %PwrMeanA = mean(Approach(:,5,n)); 
    %Approach(:,4,n) = Approach(:,4,n) ./ Approach(:,5,n) .* PwrMeanA; 
 
    % Subtraction of PMT at "infinity" from PMT data (overwrites original data) 
    PMTinfinityA = mean(Approach(FileLength/2-InfinityStart:FileLength/2-InfinityStop,4,n)); 
    Approach(:,4,n) = Approach(:,4,n) - (PMTinfinityA+InfinityOffset); 
 
    % Generate a reference column for the Analyzed data (line number) and set file length; 
    DataStart = 1; 
    DataEnd = (FileLength/2)-InfinityStart-InfinityBuffer; 
     
    ContactStart = ContactA-InvolOffset; 
     
    for LoopVar = 1:DataEnd; 
        AnalyzedA(LoopVar,1,n ) = LoopVar; 
    end 
 
    AnalyzedB(:,1,n) = AnalyzedA(:,1,n); 
             
    % Cantilever Deflection in nanometers from InvOLS linear regression data 
    AnalyzedA(:,3,n) = -InvolsA(1,1) .* (Approach(DataStart:DataEnd,3,n) - ZeroDeflA); 
    AnalyzedB(:,3,n) = AnalyzedA(:,3,n); 
     
    % Corrected AFM distance from raw LVDT and deflection 
    AnalyzedA(:,2,n) = Approach(DataStart:DataEnd,2,n) + AnalyzedA(:,3,n) - ZeroSepA; 
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    AnalyzedB(:,2,n) = AnalyzedA(:,2,n); 
     
    % Modification to deflection corrected raw separation from LVDT only for non-contact region 
    AnalyzedA(DataStart:ContactStart-1,2,n) = Approach(DataStart:ContactStart-1,2,n) - Approach(ContactStart,2,n); 
    AnalyzedB(DataStart:ContactStart-1,2,n) = Approach(DataStart:ContactStart-1,2,n) - Approach(ContactStart,2,n); 
 
    % (PMT - PMT Infinity) voltage data, a submatrix of the Approach and Withdraw data 
    AnalyzedA(:,4,n) = Approach(DataStart:DataEnd,4,n);     
    AnalyzedB(:,4,n) = AnalyzedA(:,4,n); 
     
    % Calculation of Io 
    INotA = mean( Approach(ContactA-INotOffset-INotNumber:ContactA-INotOffset,4,n) ); 
 
    % Normalization of Data 
    AnalyzedA(:,5,n) = Approach(DataStart:DataEnd,4,n) / INotA;      % Enable this line to skip normalization of data 
    AnalyzedB(:,5,n) = Approach(DataStart:DataEnd,4,n);                 % Parallel calculation for NON normalized data 
 
    % Natural log of the PMT data 
    AnalyzedA(:,6,n) = log( Approach(DataStart:DataEnd,4,n) / INotA ); 
    AnalyzedB(:,6,n) = log( Approach(DataStart:DataEnd,4,n) ); 
 
    % Linear regression of Natural Log of PMT decay data far from contact 
    RegrsnRegisterA = polyfit( AnalyzedA(InvolOffset+InvolNumber:end,2,n), 
AnalyzedA(InvolOffset+InvolNumber:end,1,n), 1 ); 
    FitA(1) = round( RegrsnRegisterA(1)*Start ) + round( RegrsnRegisterA(2) ); 
    FitA(2) = round( RegrsnRegisterA(1)*Stop ) + round( RegrsnRegisterA(2) ); 
    DecayFitA = polyfit( AnalyzedA(FitA(1):FitA(2),2,n), AnalyzedA(FitA(1):FitA(2),6,n), 1 ); 
 
    % Linear regression of Natural Log of PMT decay data far from contact 
    RegrsnRegisterB = polyfit( AnalyzedB(InvolOffset+InvolNumber:end,2,n), 
AnalyzedB(InvolOffset+InvolNumber:end,1,n), 1 ); 
    FitB(1) = round( RegrsnRegisterB(1)*Start ) + round( RegrsnRegisterB(2) ); 
    FitB(2) = round( RegrsnRegisterB(1)*Stop ) + round( RegrsnRegisterB(2) ); 
    DecayFitB = polyfit( AnalyzedB(FitB(1):FitB(2),2,n), AnalyzedB(FitB(1):FitB(2),6,n), 1 ); 
     
    % Generate extrapolation of linear regression 
    AnalyzedA(:,7,n) = AnalyzedA(:,2,n) .* DecayFitA(1,1) + DecayFitA(1,2); 
    AnalyzedB(:,7,n) = AnalyzedB(:,2,n) .* DecayFitB(1,1) + DecayFitB(1,2); 
     
    % Residuals from Ln of PMT data and linear fit 
    AnalyzedA(:,8,n) = AnalyzedA(:,6,n) - AnalyzedA(:,7,n); 
     
    % Calculation of Fractional Deviation based on NON normalized data... "AnalyzedB" 
    AnalyzedB(:,8,n) = ( AnalyzedB(:,4,n) ./ exp( AnalyzedB(:,7,n) )) -1; 
     
    % Calculation of z-Separation from Evanescent Data 
    AnalyzedA(:,9,n) = AnalyzedA(:,6,n)/DecayFitA(1,1); 
    AnalyzedB(:,9,n) = ( AnalyzedB(:,6,n)-log(INotA) )/DecayFitB(1,1); 
 
    % Deflection Calculation from Optical Data (SFA type analysis) 
    AnalyzedA(:,10,n) = Approach(DataStart:DataEnd,2,n); 
    AnalyzedB(:,10,n) = AnalyzedA(:,10,n); 
     
    SFAoffsetA = mean( AnalyzedA(ZDA(1):ZDA(2),10,n) - AnalyzedA(ZDA(1):ZDA(2),9,n) ); 
    SFAoffsetB = mean( AnalyzedB(ZDA(1):ZDA(2),10,n) - AnalyzedB(ZDA(1):ZDA(2),9,n) ); 
     
    AnalyzedA(:,11,n) = AnalyzedA(:,9,n) - AnalyzedA(:,10,n) + SFAoffsetA; 
    AnalyzedB(:,11,n) = AnalyzedB(:,9,n) - AnalyzedB(:,10,n) + SFAoffsetB; 
     
    % Running calculation over ~100 data points of the evanescent decay length 
    Points = 50;   % Note... this value must be an even integer 
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    for Step2 = 1:size(AnalyzedA,1)-(InvolOffset+InvolNumber+Points); 
 
        DecayLengthA(Step2,1) = Step2;                             % "DecayLength" register for tracking line number w.r.t x-
value 
 
        DecayLengthA(Step2,2) = AnalyzedA(InvolOffset+InvolNumber+(Points/2)+Step2, 2);       % center x-value over 
which the decay length is determined 
 
        DecayLenA = polyfit( AnalyzedA(InvolOffset+InvolNumber+Step2:InvolOffset+InvolNumber+Points+Step2, 2), 
AnalyzedA(InvolOffset+InvolNumber+Step2:InvolOffset+InvolNumber+Points+Step2, 6), 1); 
        DecayLengthA(Step2,3) = -1/DecayLenA(1,1);             % Decay length value 
 
    end 
 
 
    % Mean of DecayLength over a specified region (see plot 7) 
    DecLenRegisterA = polyfit( DecayLengthA(:,2), DecayLengthA(:,1), 1); 
 
    StartValA = round( DecLenRegisterA(1)*Start ) + round( DecLenRegisterA(2) ); 
    StopValA = round( DecLenRegisterA(1)*Stop ) + round( DecLenRegisterA(2) )-3; 
 
    DecayLengthMeanA = 1/DecayFitA(1,1); 
    DecayLengthMeanB = 1/DecayFitB(1,1); 
 
    %***************************************************** 
    % Save Analyzed data to disk in ASC II format. 
    if SaveFile == 1; 
        if Normalization ==1  
            SaveFileName = [WorkingDirectory 'Anal_AR_' BaseFileName(1:FileNameLength-OverwriteLength) 
IndexChar '.txt']; 
            save(SaveFileName, 'AnalyzedA', '-ascii', '-tabs' ); 
        else 
            SaveFileName = [WorkingDirectory 'AnalUnNorm_AR_' BaseFileName(1:FileNameLength-OverwriteLength) 
IndexChar '.txt']; 
            save(SaveFileName, 'AnalyzedB', '-ascii', '-tabs' ); 
        SaveFileName 
        end 
    %***************************************************** 
    end 
end 
 
 
if Normalization == 1 
     
 % Figure 1: InvOLS plot of the raw data 
 AveApr = mean( Approach(InvolA(1):InvolA(2),2,n) );  
 AveDefApr = mean( Approach(InvolA(1):InvolA(2),3,n) );  
  
 %figure (1); 
 %plot (Approach(InvolA(1):InvolA(2), 2, n) - AveApr, Approach(InvolA(1):InvolA(2),3,n) - AveDefApr, 'red.'); 
 %hold on 
 %plot ((Approach(InvolA(1):InvolA(2), 2, n) - AveApr),  (Approach(InvolA(1):InvolA(2),2,n) - 
AveApr)/InvolsA(1), 'black'); 
 %hold off 
  
  
 % Figure 2: Zero deflection region of the raw data 
 AveAprZDx = mean(ZDA(1):ZDA(2)); 
 %AveWthZDx = mean(ZDW(1):ZDW(2)); 
  
 %figure(2); 
 %plot( (ZDA(1):ZDA(2))-AveAprZDx, 0, 'k'); 
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 %hold on 
 %axis ( [ -ZDNumber/2-5 ZDNumber/2+5 -0.1 0.1 ] ); 
 %plot( (ZDA(1):ZDA(2))-AveAprZDx, Approach(ZDA(1):ZDA(2),3,n) - ZeroDeflA, 'r.'); 
 %hold off 
  
  
 % Figure 3: Deflection in nanometers w.r.t Corrected LVDT  
 figure(3); 
 plot( AnalyzedA(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),2,n), 
AnalyzedA(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'blueo', 'MarkerSize', 3 ); 
 hold on 
 plot( AnalyzedA(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),2,n), 
AnalyzedA(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'blue', 'MarkerSize', 2 ); 
 axis( [ -8 60 -25 40 ] ); 
    set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 plot( [0 0], [-50 75], 'Color', [.7 .7 .7], 'LineStyle', ':' ); 
 plot( [0 125], [0 0], 'Color', [.7 .7 .7], 'LineStyle', ':' ); 
 xlabel( 'AFM Separation (nm)', 'FontSize', 9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 ylabel( 'Cantilever Deflection (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 hold off 
      
  
 % Figure 4: Evanescent decay w.r.t raw LVDT and deflection corrected LVDT (Approach Only) 
 %figure(4); 
 %plot( Approach(DataStart:DataEnd,2,n ) - ZeroSepA, AnalyzedA(:,4,n), 'blue' ); 
 %hold on 
 %plot( AnalyzedA(:,2,n), AnalyzedA(:,4,n), 'r' ); 
 %plot( Approach(InvolA(1):InvolA(1)+DataPts,2,n) - ZeroSepA, 
1*(Approach(InvolA(1):InvolA(1)+DataPts,5,n) - PwrMeanA), 'g' );   % Power fluctuation zeroed 
 %plot( Approach(DataStart:DataEnd,2,n) - ZeroSepA, 0, 'black:' );  
 %hold off 
  
  
 % Figure 4: NORMALIZED Evanescent decay w.r.t raw LVDT and deflection corrected LVDT (Approach 
Only) 
 figure(4); 
 plot( Approach(DataStart:DataEnd,2,n ) - ZeroSepA, AnalyzedA(:,5,n), 'black' ); 
 axis ( [ -100 500 -0.1 1.1 ] ); 
 hold on 
 plot( AnalyzedA(:,2,n), AnalyzedA(:,5,n), 'red' ); 
 %plot( Approach(InvolA(1):InvolA(1)+DataPts,2,n) - ZeroSepA, 
1*(Approach(InvolA(1):InvolA(1)+DataPts,5,n) - PwrMeanA), 'g' );   % Power fluctuation zeroed 
 plot( [-100 500], [0 0], 'black:' );  
 legend( 'z-Displacement', 'AFM Separation' ); 
 legend( 'boxoff' ) 
 xlabel( 'Distance (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 ylabel( 'Normalized PMT Signal', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 hold off 
  
  
 % Figure 5: Natural log of evanescent decay 
 figure(5); 
 plot( AnalyzedA(:,2,n), AnalyzedA(:,6,n), 'r+', 'MarkerSize', 3); 
 axis ( [ -100 500 -8 1 ] ); 
 hold on 
 box  on 
 plot( AnalyzedA(:,2,n), AnalyzedA(:,7,n), 'black'); 
 plot( AnalyzedA(FitA(1),2), AnalyzedA(FitA(1),7), 'blacko', AnalyzedA(FitA(2),2), AnalyzedA(FitA(2),7), 
'blacko'); 
 legend( 'Experimental Data', 'Linear Regression' ); 
 legend( 'boxoff' ) 
 xlabel( 'AFM Separation (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
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 ylabel( 'ln(Normalized PMT Signal)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 %text( 160, 0.2, PlotFileName ); 
 hold off 
  
  
 % Figure 6: Residuals from linear fit to log(PMTzero) w.r.t separation 
  
 DecayText = [ 'Decay Length = ' num2str( DecayLengthMeanA ) ' nm' ]; 
  
 figure(6); 
 clf 
 plot( AnalyzedA(:,2,n), AnalyzedA(:,8,n), 'red+', 'MarkerSize', 3 ); 
 axis( [0 400 -0.8 0.8] ); 
 hold on 
 box  on 
 plot( AnalyzedA(:,2), 0.0000, 'k:', 'MarkerSize', 1 ); 
 plot( AnalyzedA(FitA(1),2), -0.025, 'k^', AnalyzedA(FitA(1),2), 0.025, 'kv', AnalyzedA(FitA(2),2), -0.025, 'k^', 
AnalyzedA(FitA(2),2), 0.025, 'kv' ); 
 xlabel( 'AFM Separation (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 ylabel( 'ln(Normalized Data) Residuals', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 %text( 130, 0.6, PlotFileName ); 
 text( 150, 0.58, 'Regression Limits' ); 
 text( 130, 0.50, [ 'Start = ' num2str(Start) '   Stop = ' num2str(Stop) ] ); 
 text( 130, -0.6, DecayText ); 
 hold off 
  
 
  
 % Figure 7: Decay Length as a function of distance from interface 
 figure(7); 
 plot(DecayLengthA(:,2), DecayLengthA(:,3), 'red+', 'MarkerSize', 3 ); 
 axis( [0 400 25 135] ); 
 hold on 
 box  on 
 text( 130, 35, DecayText ); 
 xlabel( 'AFM Separation (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 ylabel( 'Running Decay Length (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 %text( 200, 160, PlotFileName ); 
 hold off 
  
  
 % Figure 8: Plot of I-infinity data 
 figure(8); 
 plot( Approach( (FileLength/2)-(FileLength/2.5):FileLength/2,2,n) - ZeroSepA, Approach( (FileLength/2)-
(FileLength/2.5):FileLength/2,4,n), 'red+', 'MarkerSize', 3 ); 
 axis( [0 1200 -0.10 0.400] ); 
  
 %axis( [FileLength/2-DataPts FileLength/2 -0.05 0.05] ); 
 hold on 
 plot( Approach( (FileLength/2)-InfinityStart:(FileLength/2)-InfinityStop,2,n) - ZeroSepA, Approach( 
(FileLength/2)-InfinityStart:(FileLength/2)-InfinityStop, 4, n), 'black+', 'MarkerSize', 3 ); 
 plot ( [0  1200], [0 0], 'black:' ); 
  
 legend( 'PMT Voltage', 'I-infinity Data' ); 
 legend( 'boxoff' ) 
 xlabel( 'z-Displacement (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ) 
 ylabel( 'PMT (volts)','FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ) 
 hold off 
  
  
 % Figure 9: Plot of raw data 
 Offset1 = 0.075; 
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 Offset2 = 0; 
  
 figure (9); 
 plot ( Approach(:,2,n), Approach(:,3,n), 'blue');   
 hold on 
 %axis ( [ 250 1500 -4 0 ] ); 
 plot( Approach( ContactA,2,n), Approach(ContactA,3,n)-Offset1, 'red^');    
 plot( Approach( InvolA(1),2,n), Approach( InvolA(1),3,n), 'black.');   plot( Approach( InvolA(2),2,n), 
Approach(InvolA(2),3,n), 'black.'); 
  
 plot( Approach( ZDA(1),2,n), Approach(ZDA(1),3,n)-Offset2, 'black.' );    
 plot( Approach( ZDA(2),2,n), Approach(ZDA(2),3,n)-Offset2, 'black.' ); 
  
 plot( Approach( ZDA(3),2,n), Approach(ZDA(3),3,n)-Offset2, 'black.' );    
 plot( Approach( ZDA(4),2,n), Approach(ZDA(4),3,n)-Offset2, 'black.' ); 
   
 legend( 'Deflection Data', 'Contact Point' ); 
 legend( 'boxoff' ) 
 xlabel( 'z-Displacement (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ) 
 ylabel( 'Deflection Signal (volts)','FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ) 
 hold off 
 
else 
     
     % Figure 1: InvOLS plot of the raw data 
 AveApr = mean( Approach(InvolA(1):InvolA(2),2,n) );  
 AveDefApr = mean( Approach(InvolA(1):InvolA(2),3,n) );  
  
 %figure (1); 
 %plot (Approach(InvolA(1):InvolA(2), 2, n) - AveApr, Approach(InvolA(1):InvolA(2),3,n) - AveDefApr, 'red.'); 
 %hold on 
 %plot ((Approach(InvolA(1):InvolA(2), 2, n) - AveApr),  (Approach(InvolA(1):InvolA(2),2,n) - 
AveApr)/InvolsA(1), 'black'); 
 %hold off 
  
  
 % Figure 2: Zero deflection region of the raw data 
 AveAprZDx = mean(ZDA(1):ZDA(2)); 
  
 %figure(2); 
 %plot( (ZDA(1):ZDA(2))-AveAprZDx, 0, 'k'); 
 %hold on 
 %axis ( [ -ZDNumber/2-5 ZDNumber/2+5 -0.1 0.1 ] ); 
 %plot( (ZDA(1):ZDA(2))-AveAprZDx, Approach(ZDA(1):ZDA(2),3,n) - ZeroDeflA, 'r.'); 
 %hold off 
  
    % Figure 2: Deflection in nanometers w.r.t Corrected LVDT  
 figure(2); 
 plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),2,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'blueo', 'MarkerSize', 3 ); 
 hold on 
    plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),9,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'redd', 'MarkerSize', 3 ); 
    plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),9,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),11,n), 'black+', 'MarkerSize', 3 ); 
 %plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),2,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'blue', 'MarkerSize', 2 ); 
 axis( [ -5 50 -5 40 ] ); 
    set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
    legend( 'AFM \itD_c_a_n_t', 'S\it_e_v \rmSeparation', '\itD_s_f_a \rmAnalysis' ); 
 legend( 'boxoff' ) 
 plot( [0 0], [-50 75], 'Color', [.5 .5 .5], 'LineStyle', ':' ); 
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 plot( [0 125], [0 0], 'Color', [.5 .5 .5], 'LineStyle', ':' ); 
 xlabel( 'Separation (nm)', 'FontSize', 8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 ylabel( 'Cantilever Deflection (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 hold off 
  
 % Figure 3: Deflection in nanometers w.r.t Corrected LVDT  
 figure(3); 
 plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),2,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'blueo', 'MarkerSize', 3, 'MarkerFaceColor', 'blue' ); 
 hold on 
    %plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),9,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'redo', 'MarkerSize', 3 ); 
    %plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),9,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),11,n), 'blue+', 'MarkerSize', 3 ); 
 %plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),2,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'blue', 'MarkerSize', 2 ); 
 axis( [ -5 50 -5 25 ] ); 
    set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
    %legend( 'AFM \itD_c_a_n_t', 'S\it_e_v \rmSeparation', '\itD_s_f_a \rmAnalysis' ); 
 legend( 'boxoff' ) 
 plot( [0 0], [-50 75], 'Color', [.5 .5 .5], 'LineStyle', ':' ); 
 plot( [0 125], [0 0], 'Color', [.5 .5 .5], 'LineStyle', ':' ); 
 xlabel( 'Separation (nm)', 'FontSize', 8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 ylabel( 'Cantilever Deflection (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 hold off 
      
  
 % Figure 4: Evanescent decay w.r.t raw LVDT and deflection corrected LVDT (Approach Only) 
 %figure(4); 
 %plot( Approach(DataStart:DataEnd,2,n ) - ZeroSepA, AnalyzedA(:,4,n), 'blue' ); 
 %hold on 
 %plot( AnalyzedA(:,2,n), AnalyzedA(:,4,n), 'r' ); 
 %plot( Approach(InvolA(1):InvolA(1)+DataPts,2,n) - ZeroSepA, 
1*(Approach(InvolA(1):InvolA(1)+DataPts,5,n) - PwrMeanA), 'g' );   % Power fluctuation zeroed 
 %plot( Approach(DataStart:DataEnd,2,n) - ZeroSepA, 0, 'black:' );  
 %hold off 
  
  
 % Figure 4: Evanescent decay w.r.t raw LVDT and deflection corrected LVDT (Approach Only) 
 figure(4); 
 plot( Approach(DataStart:DataEnd,2,n ) - ZeroSepA, AnalyzedB(:,5,n), 'black', 'LineWidth', 1); 
 axis ( [ -100 500 -0.5 8 ] ); 
 hold on 
 plot( AnalyzedB(:,2,n), AnalyzedB(:,5,n), 'red', 'LineWidth', 1); 
 %plot( Approach(InvolA(1):InvolA(1)+DataPts,2,n) - ZeroSepA, 
1*(Approach(InvolA(1):InvolA(1)+DataPts,5,n) - PwrMeanA), 'g' );   % Power fluctuation zeroed 
 plot( [-100 500], [0 0], 'black:' );  
    set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 legend( '\itz\rm-Displacement', 'AFM Separation' ); 
 legend( 'boxoff' ) 
 xlabel( 'Distance (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 ylabel( '\itI(s) - I\infty', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 hold off 
  
  
 % Figure 5: Natural log of evanescent decay 
    DecayText = [ 'Decay Length = ' num2str( DecayLengthMeanA ) ' nm' ]; 
 figure(5); 
 plot( AnalyzedB(:,2,n), AnalyzedB(:,6,n), 'red+', 'MarkerSize', 3); 
 axis ( [ -50 400 -4 3 ] ); 
 hold on 
 box  on 
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 plot( AnalyzedB(:,2,n), AnalyzedB(:,7,n), 'black'); 
 plot( AnalyzedB(FitA(1),2), AnalyzedB(FitA(1),7), 'blacko', AnalyzedB(FitA(2),2), AnalyzedB(FitA(2),7), 
'blacko'); 
 %plot( [0 0], [-6 2], 'Color', [.7 .7 .7] ); 
    legend( 'Experimental Data', 'Linear Regression' ); 
 legend( 'boxoff' ) 
 set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 xlabel( 'AFM Separation (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 ylabel( 'ln[\itI(s) - I\infty\rm\bf]', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 text( 65, -3, DecayText ); 
    %text( 160, 0.2, PlotFileName ); 
 hold off 
  
    % Figure 6: Fractional Deviation Plot 
 figure(6); 
 clf 
 plot( AnalyzedB(:,2,n), AnalyzedB(:,8,n), 'redo', 'MarkerSize', 2 ); 
 axis( [0 400 -0.8 0.8] ); 
 hold on 
 box  on 
 plot( AnalyzedB(:,2), 0.0000, 'k:', 'MarkerSize', 1 ); 
 plot( AnalyzedB(FitB(1),2), -0.025, 'k^', AnalyzedB(FitB(1),2), 0.025, 'kv', AnalyzedB(FitB(2),2), -0.025, 'k^', 
AnalyzedB(FitB(2),2), 0.025, 'kv' ); 
 set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 xlabel( 'AFM Separation (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 ylabel( 'Fractional Deviation', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 %text( 130, 0.6, PlotFileName ); 
 text( 180, 0.58, 'Regression Limits' ); 
 text( 160, 0.50, [ 'Start = ' num2str(Start) '   Stop = ' num2str(Stop) ] ); 
 text( 150, -0.6, DecayText ); 
 hold off 
  
 
  % Figure 7: Decay Length as a function of distance from interface 
 figure(7); 
 plot(DecayLengthA(:,2), DecayLengthA(:,3), 'redo', 'MarkerSize', 3, 'MarkerFaceColor', 'red' ); 
 axis( [0 400 40 120] ); 
 hold on 
 box  on 
 text( 100, 55, DecayText ); 
 set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 xlabel( 'AFM Separation (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 ylabel( 'Running Decay Length (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 %text( 200, 160, PlotFileName ); 
    text( 150, -0.6, DecayText ); 
 hold off 
  
  
 % Figure 8: Plot of I-infinity data 
 figure(8); 
 plot( Approach( (FileLength/2)-(FileLength/2.5):FileLength/2,2,n) - ZeroSepA, Approach( (FileLength/2)-
(FileLength/2.5):FileLength/2,4,n), 'red+', 'MarkerSize', 3 ); 
 axis( [0 1200 -0.10 0.30] ); 
 %axis( [FileLength/2-DataPts FileLength/2 -0.05 0.05] ); 
 hold on 
 plot( Approach( (FileLength/2)-InfinityStart:(FileLength/2)-InfinityStop,2,n) - ZeroSepA, Approach( 
(FileLength/2)-InfinityStart:(FileLength/2)-InfinityStop, 4, n), 'black+', 'MarkerSize', 3 ); 
 plot ( [0  1500], [0 0], 'black:' ); 
 legend( 'PMT Voltage', '\itI_\infty Data' ); 
 legend( 'boxoff' ) 
 set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 xlabel( '\itz\rm\bf-Displacement (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ) 



 155

 ylabel( 'PMT (volts)','FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ) 
 hold off 
  
  
 % Figure 9: Plot of raw data 
 Offset1 = 0.15; 
 Offset2 = 0; 
  
 figure (9); 
 plot ( Approach(:,2,n), Approach(:,3,n), 'blue');   
 hold on 
 %axis ( [ 250 1500 -4 0 ] ); 
 plot( Approach( ContactA,2,n), Approach(ContactA,3,n)-Offset1, 'red^', 'MarkerFaceColor', 'red');    
 plot( Approach( InvolA(1),2,n), Approach( InvolA(1),3,n), 'black.');   plot( Approach( InvolA(2),2,n), 
Approach(InvolA(2),3,n), 'black.'); 
   
 plot( Approach( ZDA(1),2,n), Approach(ZDA(1),3,n)-Offset2, 'black.' );    
 plot( Approach( ZDA(2),2,n), Approach(ZDA(2),3,n)-Offset2, 'black.' ); 
  
 plot( Approach( ZDA(3),2,n), Approach(ZDA(3),3,n)-Offset2, 'black.' );    
 plot( Approach( ZDA(4),2,n), Approach(ZDA(4),3,n)-Offset2, 'black.' ); 
 
 set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 legend( 'Deflection Data', 'Contact Point' ); 
 legend( 'boxoff' ) 
 xlabel( '\itz\rm\bf-Displacement (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ) 
 ylabel( 'Deflection Signal (volts)','FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ) 
 hold off 
  
     
    % Figure 13: Deflection in nanometers w.r.t Corrected LVDT  
 figure(13); 
    clf 
    plot( AnalyzedB(1:2:end,10,n), AnalyzedB(1:2:end,10,n), 'blackd', 'MarkerSize', 3, 'MarkerFaceColor', 'none' ); 
    axis( [ 75 275 75 275 ] ); 
    hold on 
    set( gca, 'Ydir', 'reverse', 'Xdir', 'reverse' ); 
    plot( AnalyzedB(1:2:end,10,n), AnalyzedB(1:2:end,9,n)+SFAoffsetB, 'blueo', 'MarkerSize', 2, 'MarkerFaceColor', 
'blue' ); 
 set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 legend( 'Piezo \itz\rm-Position', '\itS_e_v \rmPosition', 2 ); 
 legend( 'boxoff' ) 
 xlabel( 'Raw \itz\rm\bf-Displacement (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ) 
 ylabel( '\itS_e_v \rm\bfDisplacement', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ) 
    hold off 
 
end 
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16.1..2 Molecular Imaging EW-AFM Analysis 

% Evanescent Wave-Atomic Force Microscopy Data Analysis Program for the Molecuar Imaging System 
% Filename: EwAfmAnalysis_MI.m 
% Spencer Clark 
% Program Date: 20 September 2004 
 
% Revision History 
% Revision to include deflection data: 13 December 2004 
% Revision to include plot labels: 3 Jan 2005 
% Resision to include linear regression of zero deflection: 12 April 2005 
% Revision to include publication worthy plots, compute withrawl data remotely: 25 May 2005 
 
% Initial file parameter inputs 
WorkingDirectory = 'E:\Data\'; 
BaseFileName = 'Filename_000'; 
Suffixes = [103]; 
 
% Remote switches (0 = Off,  1 = On) 
SaveFile = 0; 
ApproachOn = 1; 
Normalization = 0; 
 
FileNameLength = length(BaseFileName); 
%FileNumber = 20; 
FileNumber = length(Suffixes); 
 
% Offset from Contact for InvOLS 
InvolOffset = 60; 
InvolNumber = 30; 
 
% Offset from software determined contact point for zeroing AFM deflection signal 
ZDoffset = 15; 
ZDNumber = 15; 
 
% Offset from software determined contact point for selecting an I-not data range 
INotOffset = InvolOffset; 
INotNumber = 20; 
 
% Start and Stop regions for calculation of a mean evanescent decay length and linear regression. 
Start =  50; 
Stop = 225; 
 
% I-infinity range 
InfinityStart =200; 
InfinityStop = 0; 
InfinityBuffer = 30; 
 
InfinityOffset = 0.00000; 
 
% Distance from contact to truncate plots (plot-only value) 
TruncatePlot = 500; 
 
% Loop to import data 
for nnn = 1:FileNumber; 
         
    % Creation of filename series 
    %OverwriteLength = length( num2str( nnn-1 )); 
    %IndexChar = num2str( nnn-1 ); 
    OverwriteLength = length( num2str( Suffixes(nnn) )); 
    IndexChar = num2str( Suffixes(nnn) ); 
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    % Import and construction of data matrix 
    TotalFileName = [BaseFileName(1:FileNameLength-OverwriteLength) IndexChar '.ivs']; 
    [A,B,D] = textread(TotalFileName,'%s %s %s','headerlines',96); 
    FileLength = 0.5*(size(A,1)-3); 
     
    % Construct 3-dimensional data matrix 
    Data(:,:,nnn) = [A(1:FileLength) B(1:FileLength) B(FileLength+3:2*FileLength+2)]; 
  
    n = 1; 
     
    for cnt = 1:length( TotalFileName); 
        if TotalFileName(cnt) == '_'; 
            PlotFileName(cnt) = ' '; 
        else PlotFileName(cnt) = TotalFileName(cnt); 
        end 
    end 
                 
    % Analyze Approach or Withdraw Data 
    %--------------------------------------------------------------------------------- 
    if ApproachOn == 1 
        Approach(:,2:4,n) = str2double(Data(FileLength/2:-1:1,:,:)); 
    else 
        Approach(:,2:4,n)  = str2double(Data(FileLength/2+1:FileLength,:,:)); 
    end 
    %--------------------------------------------------------------------------------- 
 
    % Analysis of AFM data 
    % Conversion of IgorPro LVDT data from units of meters to nanometers 
    %Approach(:,2,n) = Approach(:,2,n)*(-1.00000e9); 
 
    % Conversion of IgorPro Deflection data from nanometers to DeflVolts (overwrites old data) using 1.000 nm per 
Volt. 
    % Apparently IgorPro saves the DeflVolts as Deflection (multiplied by InvOLS) 
    RawInvOLS = 1.00000; 
    Approach(:,3,n) = Approach(:,3,n)/RawInvOLS; 
 
    % Automatic determination of contact point from deflection data 
    Threshold = 0.004; 
 
    for nn = InvolOffset+InvolNumber+1:FileLength/2-5; 
        if abs( Approach(nn,3,n)-Approach(nn+5,3,n) ) < Threshold 
            ContactA = nn 
            break 
        end 
    end 
    
    % Zero Deflection limits for regression and mean 
    ZDA(1) = ContactA+ZDoffset;    
    ZDA(2) = ContactA+ZDoffset+ZDNumber; 
    ZDA(3) = (FileLength/2)-(5+ZDNumber); 
    ZDA(4) = (FileLength/2)-5; 
     
    % Regression and correction for sloping deflection baselines 
    ApproachBaseX = horzcat( Approach(ZDA(1):ZDA(2), 2, n), Approach(ZDA(3):ZDA(4), 2, n) ); 
    ApproachBaseY = horzcat( Approach(ZDA(1):ZDA(2), 3, n), Approach(ZDA(3):ZDA(4), 3, n) ); 
     
    ZeroDeflFit = polyfit( ApproachBaseX, ApproachBaseY, 1 );   
    Approach(:,3,n) = Approach(:,3,n)-( (ZeroDeflFit(1,1)*Approach(:,2,n))+ZeroDeflFit(1,2) ); 
 
    % Actual calculation of Zero Deflection (will be near zero when correction regression is utilized) 
    ZeroDeflA = mean(Approach(ZDA(1):ZDA(2), 3, n)); 
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    % INVOLS Parameters 
    InvolA(2) = ContactA-InvolOffset; 
    InvolA(1) = ContactA-InvolOffset-InvolNumber; 
    InvolsA = polyfit(Approach(InvolA(1):InvolA(2), 3, n), Approach(InvolA(1):InvolA(2), 2, n), 1); 
  
    % Zero Separation parameter from InvOLS parameter 
    ZeroSepA = mean( Approach( InvolA(1):InvolA(2),2,n ) + InvolsA(1)*(ZeroDeflA - 
Approach(InvolA(1):InvolA(2),3,n))); 
         
    % Analyzed Data:  
    % Column1 = Data point number 
    % Column2 = "s" is calculated w.r.t LVDT in nanometers with Deflection Correction applied 
    % Column3 = Deflection in nanometers (for conversion to force at some future date) 
    % Column4 = Evanescent scatter voltage - Voltage at infintiy w.r.t corrected separation 
    % Column5 = Normalized  or UNnormalized Evanescent Scatter 
    % Column6 = Ln( Normalized or UNnormalized Evanescent Scatter ) 
    % Column7 = Extrapolated linear regression of Column6 constant decay length region 
    % Column8 = Residuals (in the natural log domain) OR Fractional Deviation 
    % Column9 = Absolute Separation from Evanescent Data 
    % Column10 = Raw LVDT or  z(V) 
    % Column11 = SFA Deflection 
 
    % Filtered for Ar-Ion laser drift and noise (overwrites original data) 
    % Note:  I disabled this function. Not needed for the 532 nm DPSS laser 
    %PwrMeanA = mean(Approach(:,5,n)); 
    %Approach(:,4,n) = Approach(:,4,n) ./ Approach(:,5,n) .* PwrMeanA; 
 
    % Subtraction of PMT at "infinity" from PMT data (overwrites original data) 
    PMTinfinityA = mean(Approach(FileLength/2-InfinityStart:FileLength/2-InfinityStop,4,n)); 
    Approach(:,4,n) = Approach(:,4,n) - (PMTinfinityA+InfinityOffset); 
 
    % Generate a reference column for the Analyzed data (line number) and set file length; 
    DataStart = 1; 
    DataEnd = (FileLength/2)-InfinityStart-InfinityBuffer; 
     
    ContactStart = ContactA-InvolOffset; 
     
    for LoopVar = 1:DataEnd; 
        AnalyzedA(LoopVar,1,n ) = LoopVar; 
    end 
 
    AnalyzedB(:,1,n) = AnalyzedA(:,1,n); 
             
    % Cantilever Deflection in nanometers from InvOLS linear regression data 
    AnalyzedA(:,3,n) = -InvolsA(1,1) .* (Approach(DataStart:DataEnd,3,n) - ZeroDeflA); 
    AnalyzedB(:,3,n) = AnalyzedA(:,3,n); 
     
    % Corrected AFM distance from raw LVDT and deflection 
    AnalyzedA(:,2,n) = Approach(DataStart:DataEnd,2,n) + AnalyzedA(:,3,n) - ZeroSepA; 
    AnalyzedB(:,2,n) = AnalyzedA(:,2,n); 
     
    % Modification to deflection corrected raw separation from LVDT only for non-contact region 
    AnalyzedA(DataStart:ContactStart-1,2,n) = Approach(DataStart:ContactStart-1,2,n) - Approach(ContactStart,2,n); 
    AnalyzedB(DataStart:ContactStart-1,2,n) = Approach(DataStart:ContactStart-1,2,n) - Approach(ContactStart,2,n); 
 
    % (PMT - PMT Infinity) voltage data, a submatrix of the Approach and Withdraw data 
    AnalyzedA(:,4,n) = Approach(DataStart:DataEnd,4,n);     
    AnalyzedB(:,4,n) = AnalyzedA(:,4,n); 
     
    % Calculation of Io 
    INotA = mean( Approach(ContactA-INotOffset-INotNumber:ContactA-INotOffset,4,n) ); 
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    % Normalization of Data 
    AnalyzedA(:,5,n) = Approach(DataStart:DataEnd,4,n) / INotA;      % Enable this line to skip normalization of data 
    AnalyzedB(:,5,n) = Approach(DataStart:DataEnd,4,n);                 % Parallel calculation for NON normalized data 
 
    % Natural log of the PMT data 
    AnalyzedA(:,6,n) = log( Approach(DataStart:DataEnd,4,n) / INotA ); 
    AnalyzedB(:,6,n) = log( Approach(DataStart:DataEnd,4,n) ); 
 
    % Linear regression of Natural Log of PMT decay data far from contact 
    RegrsnRegisterA = polyfit( AnalyzedA(InvolOffset+InvolNumber:end,2,n), 
AnalyzedA(InvolOffset+InvolNumber:end,1,n), 1 ); 
    FitA(1) = round( RegrsnRegisterA(1)*Start ) + round( RegrsnRegisterA(2) ); 
    FitA(2) = round( RegrsnRegisterA(1)*Stop ) + round( RegrsnRegisterA(2) ); 
    DecayFitA = polyfit( AnalyzedA(FitA(1):FitA(2),2,n), AnalyzedA(FitA(1):FitA(2),6,n), 1 ); 
 
    % Linear regression of Natural Log of PMT decay data far from contact 
    RegrsnRegisterB = polyfit( AnalyzedB(InvolOffset+InvolNumber:end,2,n), 
AnalyzedB(InvolOffset+InvolNumber:end,1,n), 1 ); 
    FitB(1) = round( RegrsnRegisterB(1)*Start ) + round( RegrsnRegisterB(2) ); 
    FitB(2) = round( RegrsnRegisterB(1)*Stop ) + round( RegrsnRegisterB(2) ); 
    DecayFitB = polyfit( AnalyzedB(FitB(1):FitB(2),2,n), AnalyzedB(FitB(1):FitB(2),6,n), 1 ); 
     
    % Generate extrapolation of linear regression 
    AnalyzedA(:,7,n) = AnalyzedA(:,2,n) .* DecayFitA(1,1) + DecayFitA(1,2); 
    AnalyzedB(:,7,n) = AnalyzedB(:,2,n) .* DecayFitB(1,1) + DecayFitB(1,2); 
     
    % Residuals from Ln of PMT data and linear fit 
    AnalyzedA(:,8,n) = AnalyzedA(:,6,n) - AnalyzedA(:,7,n); 
     
    % Calculation of Fractional Deviation based on NON normalized data... "AnalyzedB" 
    AnalyzedB(:,8,n) = ( AnalyzedB(:,4,n) ./ exp( AnalyzedB(:,7,n) )) -1; 
     
    % Calculation of z-Separation from Evanescent Data 
    AnalyzedA(:,9,n) = AnalyzedA(:,6,n)/DecayFitA(1,1); 
    AnalyzedB(:,9,n) = ( AnalyzedB(:,6,n)-log(INotA) )/DecayFitB(1,1); 
 
    % Deflection Calculation from Optical Data (SFA type analysis) 
    AnalyzedA(:,10,n) = Approach(DataStart:DataEnd,2,n); 
    AnalyzedB(:,10,n) = AnalyzedA(:,10,n); 
     
    SFAoffsetA = mean( AnalyzedA(ZDA(1):ZDA(2),10,n) - AnalyzedA(ZDA(1):ZDA(2),9,n) ); 
    SFAoffsetB = mean( AnalyzedB(ZDA(1):ZDA(2),10,n) - AnalyzedB(ZDA(1):ZDA(2),9,n) ); 
     
    AnalyzedA(:,11,n) = AnalyzedA(:,9,n) - AnalyzedA(:,10,n) + SFAoffsetA; 
    AnalyzedB(:,11,n) = AnalyzedB(:,9,n) - AnalyzedB(:,10,n) + SFAoffsetB; 
     
    % Running calculation over ~100 data points of the evanescent decay length 
    Points = 20;   % Note... this value must be an even integer 
 
    for Step2 = 1:size(AnalyzedA,1)-(InvolOffset+InvolNumber+Points); 
 
        DecayLengthA(Step2,1) = Step2;                             % "DecayLength" register for tracking line number w.r.t x-
value 
 
        DecayLengthA(Step2,2) = AnalyzedA(InvolOffset+InvolNumber+(Points/2)+Step2, 2);       % center x-value over 
which the decay length is determined 
 
        DecayLenA = polyfit( AnalyzedA(InvolOffset+InvolNumber+Step2:InvolOffset+InvolNumber+Points+Step2, 2), 
AnalyzedA(InvolOffset+InvolNumber+Step2:InvolOffset+InvolNumber+Points+Step2, 6), 1); 
        DecayLengthA(Step2,3) = -1/DecayLenA(1,1);             % Decay length value 
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    end 
 
 
    % Mean of DecayLength over a specified region (see plot 7) 
    DecLenRegisterA = polyfit( DecayLengthA(:,2), DecayLengthA(:,1), 1); 
 
    StartValA = round( DecLenRegisterA(1)*Start ) + round( DecLenRegisterA(2) ); 
    StopValA = round( DecLenRegisterA(1)*Stop ) + round( DecLenRegisterA(2) )-3; 
 
    DecayLengthMeanA = 1/DecayFitA(1,1); 
    DecayLengthMeanB = 1/DecayFitB(1,1); 
 
    %***************************************************** 
    % Save Analyzed data to disk in ASC II format. 
    if SaveFile == 1; 
        if Normalization ==1  
            SaveFileName = [WorkingDirectory 'Anal_AR_' BaseFileName(1:FileNameLength-OverwriteLength) 
IndexChar '.txt']; 
            save(SaveFileName, 'AnalyzedA', '-ascii', '-tabs' ); 
        else 
            SaveFileName = [WorkingDirectory 'AnalUnNorm_AR_' BaseFileName(1:FileNameLength-OverwriteLength) 
IndexChar '.txt']; 
            save(SaveFileName, 'AnalyzedB', '-ascii', '-tabs' ); 
        SaveFileName 
        end 
    %***************************************************** 
    end 
end 
 
 
if Normalization == 1 
     
 % Figure 1: InvOLS plot of the raw data 
 AveApr = mean( Approach(InvolA(1):InvolA(2),2,n) );  
 AveDefApr = mean( Approach(InvolA(1):InvolA(2),3,n) );  
  
 %figure (1); 
 %plot (Approach(InvolA(1):InvolA(2), 2, n) - AveApr, Approach(InvolA(1):InvolA(2),3,n) - AveDefApr, 'red.'); 
 %hold on 
 %plot ((Approach(InvolA(1):InvolA(2), 2, n) - AveApr),  (Approach(InvolA(1):InvolA(2),2,n) - 
AveApr)/InvolsA(1), 'black'); 
 %hold off 
  
  
 % Figure 2: Zero deflection region of the raw data 
 AveAprZDx = mean(ZDA(1):ZDA(2)); 
 %AveWthZDx = mean(ZDW(1):ZDW(2)); 
  
 %figure(2); 
 %plot( (ZDA(1):ZDA(2))-AveAprZDx, 0, 'k'); 
 %hold on 
 %axis ( [ -ZDNumber/2-5 ZDNumber/2+5 -0.1 0.1 ] ); 
 %plot( (ZDA(1):ZDA(2))-AveAprZDx, Approach(ZDA(1):ZDA(2),3,n) - ZeroDeflA, 'r.'); 
 %hold off 
  
  
 % Figure 3: Deflection in nanometers w.r.t Corrected LVDT  
 figure(3); 
 plot( AnalyzedA(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),2,n), 
AnalyzedA(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'blueo', 'MarkerSize', 3 ); 
 hold on 
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 plot( AnalyzedA(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),2,n), 
AnalyzedA(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'blue', 'MarkerSize', 2 ); 
 axis( [ -8 60 -25 40 ] ); 
    set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 plot( [0 0], [-50 75], 'Color', [.7 .7 .7], 'LineStyle', ':' ); 
 plot( [0 125], [0 0], 'Color', [.7 .7 .7], 'LineStyle', ':' ); 
 xlabel( 'AFM Separation (nm)', 'FontSize', 9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 ylabel( 'Cantilever Deflection (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 hold off 
      
  
 % Figure 4: Evanescent decay w.r.t raw LVDT and deflection corrected LVDT (Approach Only) 
 %figure(4); 
 %plot( Approach(DataStart:DataEnd,2,n ) - ZeroSepA, AnalyzedA(:,4,n), 'blue' ); 
 %hold on 
 %plot( AnalyzedA(:,2,n), AnalyzedA(:,4,n), 'r' ); 
 %plot( Approach(InvolA(1):InvolA(1)+DataPts,2,n) - ZeroSepA, 
1*(Approach(InvolA(1):InvolA(1)+DataPts,5,n) - PwrMeanA), 'g' );   % Power fluctuation zeroed 
 %plot( Approach(DataStart:DataEnd,2,n) - ZeroSepA, 0, 'black:' );  
 %hold off 
  
  
 % Figure 4: NORMALIZED Evanescent decay w.r.t raw LVDT and deflection corrected LVDT (Approach 
Only) 
 figure(4); 
 plot( Approach(DataStart:DataEnd,2,n ) - ZeroSepA, AnalyzedA(:,5,n), 'black' ); 
 axis ( [ -100 500 -0.1 1.1 ] ); 
 hold on 
 plot( AnalyzedA(:,2,n), AnalyzedA(:,5,n), 'red' ); 
 %plot( Approach(InvolA(1):InvolA(1)+DataPts,2,n) - ZeroSepA, 
1*(Approach(InvolA(1):InvolA(1)+DataPts,5,n) - PwrMeanA), 'g' );   % Power fluctuation zeroed 
 plot( [-100 500], [0 0], 'black:' );  
 legend( 'z-Displacement', 'AFM Separation' ); 
 legend( 'boxoff' ) 
 xlabel( 'Distance (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 ylabel( 'Normalized PMT Signal', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 hold off 
  
  
 % Figure 5: Natural log of evanescent decay 
 figure(5); 
 plot( AnalyzedA(:,2,n), AnalyzedA(:,6,n), 'r+', 'MarkerSize', 3); 
 axis ( [ -100 500 -8 1 ] ); 
 hold on 
 box  on 
 plot( AnalyzedA(:,2,n), AnalyzedA(:,7,n), 'black'); 
 plot( AnalyzedA(FitA(1),2), AnalyzedA(FitA(1),7), 'blacko', AnalyzedA(FitA(2),2), AnalyzedA(FitA(2),7), 
'blacko'); 
 legend( 'Experimental Data', 'Linear Regression' ); 
 legend( 'boxoff' ) 
 xlabel( 'AFM Separation (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 ylabel( 'ln(Normalized PMT Signal)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 %text( 160, 0.2, PlotFileName ); 
 hold off 
  
  
 % Figure 6: Residuals from linear fit to log(PMTzero) w.r.t separation 
  
 DecayText = [ 'Decay Length = ' num2str( DecayLengthMeanA ) ' nm' ]; 
  
 figure(6); 
 clf 
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 plot( AnalyzedA(:,2,n), AnalyzedA(:,8,n), 'red+', 'MarkerSize', 3 ); 
 axis( [0 400 -0.8 0.8] ); 
 hold on 
 box  on 
 plot( AnalyzedA(:,2), 0.0000, 'k:', 'MarkerSize', 1 ); 
 plot( AnalyzedA(FitA(1),2), -0.025, 'k^', AnalyzedA(FitA(1),2), 0.025, 'kv', AnalyzedA(FitA(2),2), -0.025, 'k^', 
AnalyzedA(FitA(2),2), 0.025, 'kv' ); 
 xlabel( 'AFM Separation (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 ylabel( 'ln(Normalized Data) Residuals', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 %text( 130, 0.6, PlotFileName ); 
 text( 150, 0.58, 'Regression Limits' ); 
 text( 130, 0.50, [ 'Start = ' num2str(Start) '   Stop = ' num2str(Stop) ] ); 
 text( 130, -0.6, DecayText ); 
 hold off 
  
 
  
 % Figure 7: Decay Length as a function of distance from interface 
 figure(7); 
 plot(DecayLengthA(:,2), DecayLengthA(:,3), 'red+', 'MarkerSize', 3 ); 
 axis( [0 400 25 135] ); 
 hold on 
 box  on 
 text( 130, 35, DecayText ); 
 xlabel( 'AFM Separation (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 ylabel( 'Running Decay Length (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ); 
 %text( 200, 160, PlotFileName ); 
 hold off 
  
  
 % Figure 8: Plot of I-infinity data 
 figure(8); 
 plot( Approach( (FileLength/2)-(FileLength/2.5):FileLength/2,2,n) - ZeroSepA, Approach( (FileLength/2)-
(FileLength/2.5):FileLength/2,4,n), 'red+', 'MarkerSize', 3 ); 
 axis( [0 1200 -0.10 0.400] ); 
  
 %axis( [FileLength/2-DataPts FileLength/2 -0.05 0.05] ); 
 hold on 
 plot( Approach( (FileLength/2)-InfinityStart:(FileLength/2)-InfinityStop,2,n) - ZeroSepA, Approach( 
(FileLength/2)-InfinityStart:(FileLength/2)-InfinityStop, 4, n), 'black+', 'MarkerSize', 3 ); 
 plot ( [0  1200], [0 0], 'black:' ); 
  
 legend( 'PMT Voltage', 'I-infinity Data' ); 
 legend( 'boxoff' ) 
 xlabel( 'z-Displacement (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ) 
 ylabel( 'PMT (volts)','FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ) 
 hold off 
  
  
 % Figure 9: Plot of raw data 
 Offset1 = 0.075; 
 Offset2 = 0; 
  
 figure (9); 
 plot ( Approach(:,2,n), Approach(:,3,n), 'blue');   
 hold on 
 %axis ( [ 250 1500 -4 0 ] ); 
 plot( Approach( ContactA,2,n), Approach(ContactA,3,n)-Offset1, 'red^');    
 plot( Approach( InvolA(1),2,n), Approach( InvolA(1),3,n), 'black.');   plot( Approach( InvolA(2),2,n), 
Approach(InvolA(2),3,n), 'black.'); 
  
 plot( Approach( ZDA(1),2,n), Approach(ZDA(1),3,n)-Offset2, 'black.' );    
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 plot( Approach( ZDA(2),2,n), Approach(ZDA(2),3,n)-Offset2, 'black.' ); 
  
 plot( Approach( ZDA(3),2,n), Approach(ZDA(3),3,n)-Offset2, 'black.' );    
 plot( Approach( ZDA(4),2,n), Approach(ZDA(4),3,n)-Offset2, 'black.' ); 
   
 legend( 'Deflection Data', 'Contact Point' ); 
 legend( 'boxoff' ) 
 xlabel( 'z-Displacement (nm)', 'FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ) 
 ylabel( 'Deflection Signal (volts)','FontSize',9, 'FontName', 'Tahoma', 'FontWeight', 'normal' ) 
 hold off 
 
else 
     
     % Figure 1: InvOLS plot of the raw data 
 AveApr = mean( Approach(InvolA(1):InvolA(2),2,n) );  
 AveDefApr = mean( Approach(InvolA(1):InvolA(2),3,n) );  
  
 %figure (1); 
 %plot (Approach(InvolA(1):InvolA(2), 2, n) - AveApr, Approach(InvolA(1):InvolA(2),3,n) - AveDefApr, 'red.'); 
 %hold on 
 %plot ((Approach(InvolA(1):InvolA(2), 2, n) - AveApr),  (Approach(InvolA(1):InvolA(2),2,n) - 
AveApr)/InvolsA(1), 'black'); 
 %hold off 
  
  
 % Figure 2: Zero deflection region of the raw data 
 AveAprZDx = mean(ZDA(1):ZDA(2)); 
  
 %figure(2); 
 %plot( (ZDA(1):ZDA(2))-AveAprZDx, 0, 'k'); 
 %hold on 
 %axis ( [ -ZDNumber/2-5 ZDNumber/2+5 -0.1 0.1 ] ); 
 %plot( (ZDA(1):ZDA(2))-AveAprZDx, Approach(ZDA(1):ZDA(2),3,n) - ZeroDeflA, 'r.'); 
 %hold off 
  
    % Figure 2: Deflection in nanometers w.r.t Corrected LVDT  
 figure(2); 
 plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),2,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'blueo', 'MarkerSize', 3 ); 
 hold on 
    plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),9,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'redd', 'MarkerSize', 3 ); 
    plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),9,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),11,n), 'black+', 'MarkerSize', 3 ); 
 %plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),2,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'blue', 'MarkerSize', 2 ); 
 axis( [ -5 50 -5 40 ] ); 
    set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
    legend( 'AFM \itD_c_a_n_t', 'S\it_e_v \rmSeparation', '\itD_s_f_a \rmAnalysis' ); 
 legend( 'boxoff' ) 
 plot( [0 0], [-50 75], 'Color', [.5 .5 .5], 'LineStyle', ':' ); 
 plot( [0 125], [0 0], 'Color', [.5 .5 .5], 'LineStyle', ':' ); 
 xlabel( 'Separation (nm)', 'FontSize', 8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 ylabel( 'Cantilever Deflection (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 hold off 
  
 % Figure 3: Deflection in nanometers w.r.t Corrected LVDT  
 figure(3); 
 plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),2,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'blueo', 'MarkerSize', 3, 'MarkerFaceColor', 'blue' ); 
 hold on 
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    %plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),9,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'redo', 'MarkerSize', 3 ); 
    %plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),9,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),11,n), 'blue+', 'MarkerSize', 3 ); 
 %plot( AnalyzedB(ContactStart:ContactA+ZDoffset+( ZDNumber/2 ),2,n), 
AnalyzedB(ContactStart:ContactA+ZDoffset+(ZDNumber/2),3,n), 'blue', 'MarkerSize', 2 ); 
 axis( [ -5 50 -5 25 ] ); 
    set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
    %legend( 'AFM \itD_c_a_n_t', 'S\it_e_v \rmSeparation', '\itD_s_f_a \rmAnalysis' ); 
 legend( 'boxoff' ) 
 plot( [0 0], [-50 75], 'Color', [.5 .5 .5], 'LineStyle', ':' ); 
 plot( [0 125], [0 0], 'Color', [.5 .5 .5], 'LineStyle', ':' ); 
 xlabel( 'Separation (nm)', 'FontSize', 8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 ylabel( 'Cantilever Deflection (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 hold off 
      
  
 % Figure 4: Evanescent decay w.r.t raw LVDT and deflection corrected LVDT (Approach Only) 
 %figure(4); 
 %plot( Approach(DataStart:DataEnd,2,n ) - ZeroSepA, AnalyzedA(:,4,n), 'blue' ); 
 %hold on 
 %plot( AnalyzedA(:,2,n), AnalyzedA(:,4,n), 'r' ); 
 %plot( Approach(InvolA(1):InvolA(1)+DataPts,2,n) - ZeroSepA, 
1*(Approach(InvolA(1):InvolA(1)+DataPts,5,n) - PwrMeanA), 'g' );   % Power fluctuation zeroed 
 %plot( Approach(DataStart:DataEnd,2,n) - ZeroSepA, 0, 'black:' );  
 %hold off 
  
  
 % Figure 4: Evanescent decay w.r.t raw LVDT and deflection corrected LVDT (Approach Only) 
 figure(4); 
 plot( Approach(DataStart:DataEnd,2,n ) - ZeroSepA, AnalyzedB(:,5,n), 'black', 'LineWidth', 1); 
 axis ( [ -100 500 -0.5 6 ] ); 
 hold on 
 plot( AnalyzedB(:,2,n), AnalyzedB(:,5,n), 'red', 'LineWidth', 1); 
 %plot( Approach(InvolA(1):InvolA(1)+DataPts,2,n) - ZeroSepA, 
1*(Approach(InvolA(1):InvolA(1)+DataPts,5,n) - PwrMeanA), 'g' );   % Power fluctuation zeroed 
 plot( [-100 500], [0 0], 'black:' );  
    set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 legend( '\itz\rm-Displacement', 'AFM Separation' ); 
 legend( 'boxoff' ) 
 xlabel( 'Distance (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 ylabel( '\itI(s) - I\infty', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 hold off 
  
  
 % Figure 5: Natural log of evanescent decay 
    DecayText = [ 'Decay Length = ' num2str( DecayLengthMeanA ) ' nm' ]; 
 figure(5); 
 plot( AnalyzedB(:,2,n), AnalyzedB(:,6,n), 'red+', 'MarkerSize', 3); 
 axis ( [ -50 350 -4 3 ] ); 
 hold on 
 box  on 
 plot( AnalyzedB(:,2,n), AnalyzedB(:,7,n), 'black'); 
 plot( AnalyzedB(FitA(1),2), AnalyzedB(FitA(1),7), 'blacko', AnalyzedB(FitA(2),2), AnalyzedB(FitA(2),7), 
'blacko'); 
 %plot( [0 0], [-6 2], 'Color', [.7 .7 .7] ); 
    legend( 'Experimental Data', 'Linear Regression' ); 
 legend( 'boxoff' ) 
 set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 xlabel( 'AFM Separation (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 ylabel( 'ln[\itI(s) - I\infty\rm\bf]', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 text( 65, -3, DecayText ); 
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    %text( 160, 0.2, PlotFileName ); 
 hold off 
  
    % Figure 6: Fractional Deviation Plot 
 figure(6); 
 clf 
 plot( AnalyzedB(:,2,n), AnalyzedB(:,8,n), 'redo', 'MarkerSize', 3 ); 
 axis( [0 500 -0.8 0.8] ); 
 hold on 
 box  on 
 plot( AnalyzedB(:,2), 0.0000, 'k:', 'MarkerSize', 1 ); 
 plot( AnalyzedB(FitB(1),2), -0.025, 'k^', AnalyzedB(FitB(1),2), 0.025, 'kv', AnalyzedB(FitB(2),2), -0.025, 'k^', 
AnalyzedB(FitB(2),2), 0.025, 'kv' ); 
 set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 xlabel( 'AFM Separation (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 ylabel( 'Fractional Deviation', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 %text( 130, 0.6, PlotFileName ); 
 text( 180, 0.58, 'Regression Limits' ); 
 text( 160, 0.50, [ 'Start = ' num2str(Start) '   Stop = ' num2str(Stop) ] ); 
 text( 150, -0.6, DecayText ); 
 hold off 
  
 
  % Figure 7: Decay Length as a function of distance from interface 
 figure(7); 
 plot(DecayLengthA(:,2), DecayLengthA(:,3), 'redo', 'MarkerSize', 3, 'MarkerFaceColor', 'red' ); 
 axis( [0 350 40 120] ); 
 hold on 
 box  on 
 text( 100, 55, DecayText ); 
 set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 xlabel( 'AFM Separation (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 ylabel( 'Running Decay Length (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ); 
 %text( 200, 160, PlotFileName ); 
    text( 150, -0.6, DecayText ); 
 hold off 
  
  
 % Figure 8: Plot of I-infinity data 
 figure(8); 
 plot( Approach( (FileLength/2)-(FileLength/2.5):FileLength/2,2,n) - ZeroSepA, Approach( (FileLength/2)-
(FileLength/2.5):FileLength/2,4,n), 'red+', 'MarkerSize', 3 ); 
 axis( [0 1200 -0.10 0.30] ); 
 %axis( [FileLength/2-DataPts FileLength/2 -0.05 0.05] ); 
 hold on 
 plot( Approach( (FileLength/2)-InfinityStart:(FileLength/2)-InfinityStop,2,n) - ZeroSepA, Approach( 
(FileLength/2)-InfinityStart:(FileLength/2)-InfinityStop, 4, n), 'black+', 'MarkerSize', 3 ); 
 plot ( [0  800], [0 0], 'black:' ); 
 legend( 'PMT Voltage', '\itI_\infty Data' ); 
 legend( 'boxoff' ) 
 set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 xlabel( '\itz\rm\bf-Displacement (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ) 
 ylabel( 'PMT (volts)','FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ) 
 hold off 
  
  
 % Figure 9: Plot of raw data 
 Offset1 = 0.075; 
 Offset2 = 0; 
  
 figure (9); 
 plot ( Approach(:,2,n), Approach(:,3,n), 'blue');   
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 hold on 
 %axis ( [ 250 1500 -4 0 ] ); 
 plot( Approach( ContactA,2,n), Approach(ContactA,3,n)-Offset1, 'red^');    
 plot( Approach( InvolA(1),2,n), Approach( InvolA(1),3,n), 'black.');   plot( Approach( InvolA(2),2,n), 
Approach(InvolA(2),3,n), 'black.'); 
   
 plot( Approach( ZDA(1),2,n), Approach(ZDA(1),3,n)-Offset2, 'black.' );    
 plot( Approach( ZDA(2),2,n), Approach(ZDA(2),3,n)-Offset2, 'black.' ); 
  
 plot( Approach( ZDA(3),2,n), Approach(ZDA(3),3,n)-Offset2, 'black.' );    
 plot( Approach( ZDA(4),2,n), Approach(ZDA(4),3,n)-Offset2, 'black.' ); 
 
 set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 legend( 'Deflection Data', 'Contact Point' ); 
 legend( 'boxoff' ) 
 xlabel( '\itz\rm\bf-Displacement (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ) 
 ylabel( 'Deflection Signal (volts)','FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ) 
 hold off 
  
     
    % Figure 13: Deflection in nanometers w.r.t Corrected LVDT  
 figure(13); 
    plot( AnalyzedB(1:2:end,10,n), AnalyzedB(1:2:end,10,n), 'blackd', 'MarkerSize', 3, 'MarkerFaceColor', 'none' ); 
    axis( [ 75 275 75 275 ] ); 
    hold on 
    set( gca, 'Ydir', 'reverse', 'Xdir', 'reverse' ); 
    plot( AnalyzedB(1:2:end,10,n), AnalyzedB(1:2:end,9,n)+SFAoffsetB, 'blueo', 'MarkerSize', 2, 'MarkerFaceColor', 
'blue' ); 
 set (gca, 'FontSize', 10, 'FontName', 'Helvetica', 'LineWidth', 1); 
 legend( 'Piezo \itz\rm-Position', '\itS_e_v \rmPosition', 2 ); 
 legend( 'boxoff' ) 
 xlabel( 'Raw \itz\rm\bf-Displacement (nm)', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ) 
 ylabel( '\itS_e_v \rm\bfDisplacement', 'FontSize',8, 'FontName', 'Tahoma', 'FontWeight', 'bold' ) 
     
 
end
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16.2  Maple® Incident Angle and Decay Length Code:  
 
Filename: Asylum Research Penetration Depth.mws 
Spencer Clark 
Date: 26 March 2005 
 
> restart: 
 
Laser wavelength: 
> lambda:= 532e-9; 
 
Refractive Indices: 
> n1:= 1.5264: 
> n2:= 1.3342: 
 
Calculation of the critical angle 
> theta_crit:=180/Pi*arcsin(n2/n1): 
> evalf(theta_crit); 
 
Incident Angle for dove prism with 78-degree face angle: 
> offset_angle:=0: 
> theta:= evalf( (Pi/2)-(12*Pi/180+(arcsin((1.0003/n1)*sin((5+offset_angle)/180*Pi)))) ): 
> evalf(180/Pi*theta); 
 
Evaluation of delta-theta: 
> deltatheta:= evalf((180/Pi*theta)-theta_crit); 
 
Calculation of the penetration depth: 
> decaylength := lambda/(4*Pi*sqrt( (n1*sin(theta))^2-n2^2) ): 
> evalf(decaylength); 
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