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ABSTRACT 

This dissertation investigates mechanisms that influence image formation in near-field 

scanning optical microscopy (NSOM) performed with tapered fiber aperture probes. Both 

the generation of optical contrast for transmission mode NSOM and the force interaction 

between the probe and sample that is the basis for topographic imaging by shear force 

microscopy (SFM) are studied. 

A brief introduction and review of the field of NSOM are given. The lack of 

understanding in the previous work of the optical and force interactions between the probe 

and sample is cited as the motivation for the present investigation. 

A theoretical model is developed that describes the linear scattering of the probe's 

source field by the complex transmittance of the sample. The imaging of subwavelength 

features is shown to arise from the spatial mixing of the evanescent waves of the probe's 

source field with the high spatial frequencies of the object. Calculations of the optical 

transfer function are presented. 

The shear force servo that regulates the probe-to-sample separation and facilitates 

the acquisition of SFM imagery is extensively analyzed. The optical detection scheme that 

measures the dither vibration of the probe is characterized in order to optimize the servo 

performance. The shear force interaction is then analyzed by modeling the probe as a simple 

harmonic oscillator. Measurements of the probe's resonant response while interacting with 

the sample reveal that the shear force is mainly frictional. The magnitude of the force is 

derived, and limitations on its measurement are established through analysis of the minimum 
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detectable displacement of the probe. The servo performance is shown to be shot noise 

limited, as opposed to being limited by the thermal vibration noise of the probe. 

Experimental SFM and NSOM images of various grating structures and optical data 

storage materials are presented. The optical contrast mechanisms displayed in the images 

are identified. Linear scattering generally dominates the contrast, but some images exhibit 

unique near-field effects due to probe-sample interactions that lead to nonlinear imaging 

behavior. The origin of these interactions is the boundary conditions imposed on the probe's 

aperture by the sample's composition and structure. 



1.1 Basic Principles ofNSOM 

CHAPTER 1 

INTRODUCTION 

15 

Near-field scanning optical microscopy (NSOM) is a technique for obtaining 

subwavelength lateral spatial resolution in microscopic imaging. The goal ofNSOM is to 

exceed the far-field diffraction limit that applies to conventional optical microscopy 

performed with objective lenses. The diffraction limit restricts the resolution of conventional 

microscopy to approximately 0.61A1NA, based on Rayleigh's criteria in the case of incoherent 

illumination, where A is the operating wavelength and NA is the numerical aperture of the 

objective lens [Born and Wolf 1980]. Numerical aperture is defined by NA=nsino, where 

Bis the marginal ray angle and n is the refractive index in the object space. The maximum 

NA that can be achieved without using an oil immersion objective is approximately 0.9 

[WIlson and Sheppard 1984]. This yields a best possible resolution of approximately 0.68A. 

NSOM circumvents the far-field diffraction limit by dispensing with lenses and 

instead employing a subwavelength-sized optical probe. The most common realization of 

the probe is an aperture of sub wavelength diameter (typically 20 to 100 nm) in an opaque 

screen. The aperture is typically illuminated by a laser, which produces a subwavelength

sized source of light just behind the aperture. Such an aperture probe is shown conceptually 

in Fig. 1-1. The light passing through the aperture is greatly attenuated due to the aperture's 

size. In addition, the size of the aperture causes the transmitted light to diffract rapidly in the 
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Figure 1-1. Conceptual schematic of the near-field aperture probe. 
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space behind the aperture. Therefore, the sample to be imaged must be brought into 

proximity of the aperture, i.e., within the near field of the aperture, in order to obtain high 

resolution. We refer to the optical flux emanating from the aperture as the source field of 

the probe. The source field illuminates and interacts with the sample, and the light that is 

transmitted by the sample and propagates to the far field may be detected to obtain a signal. 

This configuration is known as transmission mode NSOM. It is also possible to operate in 

reflection mode by detecting the light that is scattered by the sample back through the 

aperture. Alternatively, the aperture may be used as a subwavelength-sized optical collector 

as opposed to an illumination source. Collection mode operation is performed by 

illuminating the sample with a broad area beam from below and detecting the light that is 
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coupled through the aperture. This dissertation is concerned exclusively with transmission 

mode NSOM. 

The lateral spatial resolution ofNSOM is largely determined by the aperture diameter 

and the probe-to-sample separation. The probe's source field is roughly collimated to the 

diameter of the aperture in the near field. The source field consists of a combination of 

propagating and evanescent waves, and the small size of the source field implies that a 

significant fraction of the wave components are evanescent [Massey 1984]. The source field 

remains collimated out to a distance beyond the aperture approximately equal to the aperture 

radius [Kann et al. I995c]. Therefore, the resolution is approximately equal to the aperture 

diameter if the probe-to-sample separation is less than the aperture radius. The resolution 

is not a function of the wavelength. Note that only the surface of the sample may be imaged 

with high resolution due to the rapid divergence of the source field. Unlike confocal 

microscopy, NSOM cannot image through the bulk of the sample. 

The probe illuminates only one spot on the sample at a time, and the probe is 

mechanically raster scanned with respect to the sample to record an image pixel by pixel. 

Therefore, NSOM is a scanned local probe microscopy similar to scanning tunneling 

microscopy (STM), atomic force microscopy (AFM), or magnetic force microscopy (MFM). 

The resolution ofNSOM is not as high as that of these related microscopies. However, the 

purpose ofNSOM is to provide images of the optical properties of a sample, as opposed to 

the electronic, atomic, or magnetic properties. 

The probe is not normally implemented as an aperture in a planar screen as in Fig. I

I because it is difficult to bring the sample into proximity of the aperture if the sample has 
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topography or ifthere is tilt between the screen and sample. The preferred implementation 

of the aperture probe is currently a tapered glass optical fiber as shown schematically in Fig. 

1-2 [Betzig et al. 1991, Valaskovic et al. 1995c]. The fiber is tapered to the desired 

diameter, and the taper region is coated with aluminum to create an aperture at the tip of the 

probe. Details of the probe design are discussed in Section 3.2. The relative sharpness of 

the probe facilitates bringing the sample into the near field of the aperture. The probe-to

sample separation is normally sensed and regulated with a servo mechanism during scanning 

to maintain the sample in the near field. The servo enables the probe to track the sample 

surface, and the servo response signal may be recorded to obtain a topographic image 

simultaneously with the NSOM image. However, the resolution of the topographic image 

is limited by the finite size of the probe tip. 

1.2 Historical Background 

The use of a scanning aperture to exceed the diffraction limit was first proposed 

conceptually by Synge [1928] and later by O'Keefe [1956]. However, it would take many 

years for the technology to become available to realize such a microscope at visible 

wavelengths. The first experimental demonstration of near-field microscopy was conducted 

in the microwave region by Ash and Nicholls [1972] who used a wavelength of3 cm and an 

aperture diameter of ;'/20. They imaged features as small as ;'/60 using grating objects 

consisting of aluminum lines on glass. The extension of near-field microscopy into the visible 

regime followed from the development of the scanning tunneling microscope at the mM 

Zurich Research Laboratory by Binnig et al. [1982]. The piezoelectric actuators developed 
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Figure 1-2. Schematic of the aperture probe implemented with an aluminum-coated 
tapered glass optical fiber. 

19 

for STM provided the nanometric mechanical control required for positioning a probe in 

proximity to a sample and scanning the probe with respect to the sample. Pohl et al. [1984], 

also at IBM-Zurich, demonstrated the first optical near-field microscope using a probe 

fabricated from a chemically etched quartz crystal rod. The rod was coated with metal, and 

an aperture was formed at the tip by making soft contact between the rod and sample to 

puncture the metal coating. The exact aperture size and shape could not be verified, but Pohl 

et al. claimed a resolution of ),120 when imaging with a source wavelength of 488 nm. 

Researchers at Cornell University were also developing near-field technology in the 

early 1980s. Their initial efforts were directed at fabricating apertures in metal films by 
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lithographic methods, and they demonstrated transmission of light at a wavelength of 580 

nm through apertures as small as 30 nm [Lewis et al. 1984]. They soon developed an 

improved probe design based on tapered metal-clad glass micropipettes which were used in 

the first demonstration of fluorescence NSOM [Harootunian et al. 1986]. The heating and 

pulling process for tapering the pipettes was known from biological research, and apertures 

with diameters as small as 50 run could be created at the pipette tips. The probe-to-sample 

separation was regulated by establishing a tunneling current between the pipette and sample 

surface, as in STM. However, this regulation technique was restrictive in that the probe and 

sample had to be overcoated with 20 run of gold to create a nonoxidizing tunneling contact. 

Collection mode operation with the pipette probes was reported by the Cornell group the 

following year [Betzig et al. 1987], and the IBM-Zurich group demonstrated reflection mode 

operation shortly thereafter [Fischer et al. 1988]. 

An alternate form of near-field microscopy was introduced almost simultaneously by 

researchers in 1989 at the Oak Ridge National Laboratory [Reddick et al. 1989], and in 

France at the University of Franche-Comte-Besancon [Courjon et al. 1989] and the 

University ofBourgogne [de Forne! et al. 1989]. The principle of their instruments is similar 

to the collection mode of operation described above, except that the sample is not illuminated 

by a beam normally incident to its surface. Instead, the sample is illuminated by a beam 

incident beyond the critical angle that undergoes total internal reflection at the sample-air 

interface. The sample is usually prepared on the hypotenuse face of a prism to enable the 

introduction of the illuminating beam. This arrangement is shown in Fig. 1-3. The 

evanescent field distribution that extends above the sample is a function of the sample 
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Figure 1-3. Schematic of the photon scanning tunneling microscope (PSTM). 
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topography and refractive index. The evanescent field is probed by an uncoated chemically 

etched optical fiber with a subwavelength tip radius. The tip locally frustrates the internal 

reflection, and a portion of the evanescent energy that is in proximity to the tip is scattered 

into a propagating mode in the fiber and is detected as the signal. A servo is normally used 

to adjust the probe height to maintain a constant detected signal, and thus an image 

representing contours of constant evanescent field intensity is obtained. This technique is 

referred to as photon scanning tunneling microscopy (PSTM) since photons tunnel across 

the air gap between the probe and sample in much the same way that electrons tunnel 

through a potential barrier in STM. PSTM continues to be an active area of research for 

mainly European groups. 
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Researchers at AT&T Bell Laboratories were largely responsible for generating 

further progress and interest in NSOM with aperture probes in the early 1990s. A significant 

improvement in probe design occurred with the introduction of tapered optical fibers [Betzig 

et al. 1991]. The waveguiding properties of the fiber result in much more light being 

delivered to the aperture as compared to the micropipette probes, and the signal increase is 

on the order of 104
• Aperture diameters down to 20 run are readily fabricated by heating and 

pulling the fiber, but the size of the probe's source field, and thus the resolution, is ultimately 

limited by the penetration depth of the electric field in the aluminum coating (6.5 run at a 

wavelength of500 run) due to the coating's finite conductivity [Roberts 1989]. Betzig and 

coworkers claimed a limiting resolution of 12 run based on a scan of an isolated aluminum 

particle. 

The next significant improvement in NSOM technology was the regulation of the 

probe-to-sample separation via sensing shear forces between the probe and sample surface. 

This technique was developed simultaneously by researchers at AT&T [Betzig et al. 1992a] 

and at the Rochester Institute of Technology [Toledo-Crow et al. 1992]. The formation of 

topographic imagery with this technique is referred to as shear force microscopy (SFM). 

SFM is accomplished by dithering the tapered fiber probe at resonance and detecting the 

changes in resonance behavior caused by the force interaction between the probe and sample. 

SFM is superior to the electronic tunneling regulation scheme used previously in that the 

sample need not be conductive, and the probe-to-sample separation can be varied over 

several nanometers, as opposed to the several angstroms required for tunneling. 
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Some of the recent work in NSOM has been directed toward studying the optical 

contrast mechanisms that contribute to image formation. These studies have been both 

experimental [Trautman et al. 1992, Betzig et al. 1992b, Valaskovic et al. 1995b] and 

theoretical [Novotnyetal. 1994, Kann et al. 1995a]. There are numerous mechanisms that 

may contribute to contrast that are often difficult to distinguish. Some mechanisms are 

similar to those observed with far-field microscopy, such as the scattering of the probe's 

source field by the complex transmittance of the sample. However, near-field images are not 

usually just high-resolution versions of what one would obtain by examining the same sample 

with far-field microscopy. There are other contrast mechanisms unique to NSOM that result 

from probe-sample interactions. For example, it is known that the probe's source field is 

perturbed in both strength and shape by the structure and composition of the sample. That 

is, the sample imposes boundary conditions at the aperture of the probe, and these conditions 

affect the transmission of the probe and the radiation from the aperture. Therefore, the 

illumination by the probe is generally not constant over the course of a scan, and the 

interpretation of the resulting images is difficult. In general, near-field probe-sample 

interactions are not well understood or well characterized at the present time. 

1.3 Motivation for Dissertation 

A great deal ofthe NSOM literature, especially the experimental work, is still highly 

qualitative in nature despite the fact that the technology is approximately eleven years old at 

the time of this writing. The lack of quantitative interpretation of images reflects the 

complexity of, and the lack of understanding of, the interactions between the probe and 
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sample. These interactions frequently lead to sample-dependent contrast features and 

artifacts in the near-field images that do not represent true optical properties of the sample. 

This anomalous behavior has hindered the development and limited the utility ofNSOM to 

date. (In contrast, other scanned probe microscopies like STM and AFM have not suffered 

from such severe difficulties with image interpretation. The properties of the probes are not 

sample-dependent in these cases.) 

Regarding SFM, the shear force image is basically a topographic map of the sample 

surface and in that sense is relatively straightforward. However, the image obtained is a 

manifestation of the force acting between the probe and sample, and thus characterization 

of the force interaction is of interest. The exact nature of the force and the effect of the force 

on the resonance behavior of the probe have not previously received adequate investigation. 

Nor has attention been paid to optimizing the detection of the interaction force and 

quantifying the limitations on its measurement. 

The optical probe-sample interactions, as well as the force interactions, are the 

subject of continued study and speculation in the NSOM community. Additional work is 

required to determine the origins of the interactions and to facilitate quantitative image 

interpretation. The goal of this dissertation is to improve the understanding of probe/sample 

interactions and the mechanisms that contribute to near-field and shear force image 

formation. 
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1.4 Content of Dissertation 

This dissertation is organized as follows. Chapter 2 presents a simple theory of near

field image formation in transmission mode NSOM arising from the scattering of the probe's 

source field by the sample's complex transmittance. The theory is based on a scalar linear 

systems approach and is not intended to be a rigorous electromagnetic treatment. Nor does 

the theory account for probe-sample interactions. However, the theory provides an intuitive 

model of the mechanism by which high resolution imaging is achieved. An expression for 

the optical transfer function is developed, and calculations of relative contrast are presented. 

A description of the NSOM microscope instrumentation is given in Chapter 3. The major 

subsystems of the microscope are described individually in detail. Chapters 4 and 5 deal with 

issues related to shear force microscopy. Chapter 4 presents an analysis of the detection of 

probe dither motion. The goal of the analysis is the optimization of the performance of the 

shear force servo. Chapter 5 is a study of the physics of the force interaction between the 

probe tip and sample surface. The resonance behavior of the probe while interacting with 

the surface is analyzed both theoretically and experimentally. The interaction force is 

quantified, limitations on its measurement are derived, and the implications for shear force 

microscopy are discussed. Chapter 6 presents shear force and near-field images of a variety 

of surface relief gratings and optical data storage materials. The contrast mechanisms 

observed in the images are analyzed using a priori knowledge of the structure and 

composition of the samples and the results of characterization of the samples by other means. 

Finally, Chapter 7 presents a summary of the major results and findings of the dissertation. 

Suggestions for future work are made with regard to improvements in instrumentation, 
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understanding of probe-sample force interactions and optical contrast mechanisms, and 

potential applications. 



CHAPTER 2 

THEORY OF OPTICAL IMAGE FORMATION AND RESOLUTION 

IN NSOM BY A LINEAR SYSTEMS APPROACH 
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This chapter presents a simple model that describes the mechanism of image 

formation in NSOM. A scalar linear systems approach is used to model the near-field 

scattering of the probe's source field by the object and the detection of the scattered light that 

propagates to the far field. The model is not a rigorous electromagnetic treatment, and it 

does not account for any modification of the source field caused by the object's structure. 

However, the model provides intuitive insight to the means by which subwavelength object 

features are detected by NSOM. The resolution is quantified through the use of the optical 

transfer function (OTF). An expression for the OTF is derived for the case of transmission 

mode NSOM, and results are presented for a variety of source field distributions and far-field 

collection apertures. 

2.1 Introduction 

When conventional illumination is used in an optical microscope, e.g., the bright-field 

mode, the finest details of the object that can be perceived are limited by the highest 

frequency component of the illuminated object's angular spectrum that is collected by the 

objective. The subwavelength features of the object that scatter the incident light into 

evanescent waves cannot be seen. NSOM overcomes this limitation by enabling the 
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detection of much higher frequency components of the illuminated object's angular spectrum. 

This chapter describes how image formation with high spatial resolution is achieved in 

NSOM as a result of spatial frequency mixing between the spatial spectra of the source field 

and the object. High spatial frequencies of the object that produce non-propagating 

evanescent waves with conventional microscopy are mixed, or heterodyned, with high spatial 

frequencies ofthe source field spectrum to produce lower frequency plane wave components 

that propagate to the far field and are detected. This propagating light is treated here with 

a direction cosine formalism. This formalism is used to develop an equation for the OTF that 

characterizes the resolution of the system. The analysis is similar to that reported by 

Vigoureux and Courjon [1992] who use an angular spectrum propagation approach. 

However, the model presented here is more straightforward mathematically, while being 

equally valid, and the results are carried further. The model is applicable to the transmission 

mode of operation. 

The operation of a transmission mode NSOM microscope can be divided into three 

functions: 1) the creation of a subwavelength-sized source field at the tip of the probe device, 

2) the interaction of this field with the object as the probe is mechanically raster scanned in 

proximity to the object, and 3) the detection of the scattered field that propagates away from 

the object carrying information about the object properties. These functions are illustrated 

in Fig. 2-1, which depicts a generic NSOM arrangement of an aperture probe and its 

associated source field, a semi-transparent object, and an objective lens and a large area 

photomultiplier tube that collect and detect the light in the far field. This arrangement is 

similar to that of a Type 1 nonconfocal scanning optical microscope [Wilson and Sheppard 



aperture 
screen 

----7 

----7 

----7 
incident 

field 

j 

l' observation 
1-.-.... hemisphere 
I .... 

I .... .... 
I ... , 

object \ 

e,..-\Il\p.! 
~~. /-~--J)Z 

" ,/ 
.' ." ..... ..... 

I 

" 

collection objective 

source field distribution s(X,y) 

photomultiplier 
tube 

~ 
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1984] in which the illumination optics (point source and focusing objective) are replaced by 

the NSOM probe. 

2.2 Theoretical Development 

The development of the model begins with the selection ofan appropriate source field 

distribution denoted by s(xj), where the hat indicates that the spatial variables are 

normalized to wavelength. The normalization is used to perform the analysis in a 

dimensionless manner. Several rigorous electromagnetic models are presented in the 

literature for calculating the near-field distribution emanating from a subwavelength aperture 

in an opaque screen [Betzig et al. 1986, Leviatan 1986, Roberts 1989, Novotny et al. 1994, 
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Kann et al. 1995a]. Unfortunately, it is impossible at the present time to precisely verify 

these models through direct measurement of the near field, since such a measurement in 

principle would require a detection device much smaller than the spatial extent of the field 

itself. Roberts [1989] employs a modal method to model the near field of a circular aperture 

in a perfectly conducting screen. The method is approximate, but the model is implemented 

in three dimensions. Roberts' calculations indicate that for a linearly-polarized plane wave 

incident on the screen, the near-field intensity distribution emanating from the aperture along 

the polarization axis is a smoothed rectangle function, and the distribution along the 

perpendicular axis is approximately Gaussian and is slightly narrower than that along the 

polarization axis. An experimental study by Cline et al. [1992] provides rough confirmation 

of Roberts' results for the perpendicular axis. Cline et al. [1992] obtain the near-field 

distribution indirectly by deconvolving the line scan image of an edge object. Kann et al. 

[1995a] obtain exact solutions of the near-field distribution by solving Maxwell's equations 

with a finite-difference-time-domain method, but the model is implemented in only two 

dimensions, i.e., the aperture is modeled as an infinitely long slit. However, Kann's results 

for the two orthogonal polarization states within the slit are in general agreement with 

Roberts' results for the two axes parallel and perpendicular to the polarization within the 

circular aperture. This correspondence between two and three-dimensional models of near

field distributions is also noted by Novotny et al. [1994]. In summary, the actual source field 

produced by a circular aperture probe (such as a tapered optical fiber) is expected to have 

an asymmetric profile when excited by a linearly-polarized wave. 
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It is sufficient for the present analysis to approximate the source field with the two-

dimensional supergaussian function defined by 

{ I "INx} {I "IN)'} s(£,y) = exp - ~x exp - ~y , (2-1) 

where the N's are shape parameters that control the rolloff slope from the peak, and the W's 

are parameters that control the width of the function. A Gaussian profile is obtained with 

N=2, and the profile approaches a rectangle function with increasing N. Therefore, the 

supergaussian can be tailored to fit a variety of separable source field distributions, with or 

without rotational symmetry. Figure 2-2 shows sample plots of the supergaussian in one 

dimension. The values of the shape parameter are N=2, 5, and 25, and the width parameter 

W is adjusted to give a lie fullwidth of O.16.J for all three plots. 

The object is assumed to be optically thin, and it is represented by an amplitude 

transmittance function, o(x-x., Y-Y.), where X. andy' are the scan coordinates that denote 

the shift between the probe and the object. In practice the probe aperture is nearly in contact 

with the object, and the scattered field distribution just after the object, denoted by u(xj)), 

is approximated by the product of the source field distribution and the object transmittance: 

(2-2) 

The OTF of the NSOM system is developed by considering the response to a cosine 

amplitude grating object. The scattered field is then given by 
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Figure 2-2. Plots of the supergaussian in one dimension. The shape parameter N is 2 (solid 
line), 5 (dashed line), and 25 (dotted line). The lie fullwidth is O.16J for all three plots. 

(2-3) 

where ao and Po are direction cosines. The direction cosines are related to the spatial 

frequencies of the grating along the x and y axes by ,=ao I J and "0 =Po I J, respectively, 

where J is the source wavelength. 

The propagation of u(ijI) to the collection objective is treated with scalar diffraction 

theory. We make use of the most general form of the Rayleigh-Sommerfeld diffraction 

formula that places no restrictions on the spatial extent ofu(xJl), the size of the observation 

space, or the distance to the observation point. The Rayleigh-Sommerfeld formula is an 

exact scalar theory in this sense. Harvey [1976] shows that the general Rayleigh-Sommerfeld 
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diffraction fonnula can be evaluated with the obseIVation point on a hemisphere centered on 

u(i JI), in a form that is valid throughout the entire half-space behind the plane of u(xJ). 

ObseIVation points are specified by their direction cosine coordinates «and p with respect 

to the x and y axes of the aperture plane, respectively, as illustrated in Fig. 2-1. For the 

NSOM geometry of Fig. 2-1 we can make the approximations that the distance r to the 

observation point is much greater than unity, and the spatial extent of u(xJ) is much smaller 

than r. The diffracted field amplitude U(a,fJ) on the obseIVation hemisphere is then given 

by 

.... 
U(a,p) = CY J f u(x,y) exp{-i2'Jt(ai+py)} didy (2-4) 

The direction cosines with respect to the X, y, and z axes are 

i a=-A , 

r 
and (2-5) 

The reciprocal variable pairs, x and «, y and p, are dimensionless. The leading factor C is 

a complex constant. 

The form of Equation (2-4) suggests that the diffracted field on the obseIVation 

hemisphere can be interpreted in direction cosine space. The integral part of Equation (2-4) 

is an angular spectrum of u(xji), where the wave components of the transform kernel are 

specified by their direction cosines [Goodman 1968]. The angular spectrum is weighted by 

the factor r, which decreases to zero at «2+ pZ:: 1. Therefore, except for the r weighting, 

the field amplitude at a point (a,fJ) on the hemisphere is the weight of the plane wave 
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component of the angular spectrum. Wave components for which a2+p2~ 1 are propagating, 

and the equality condition corresponds to plane waves propagating normally to the z axis. 

Wave components for which a2+p2> 1 are evanescent. 

The direction cosine formulation is convenient for modeling the transmission mode 

NSOM geometry for several reasons. Firstly, a (or fJ) is equivalent to numerical aperture 

(NA). Therefore, if the observation hemisphere is chosen to coincide with the entrance pupil 

of the collection objective, Equation (2-4) gives the field amplitude at the entrance pupil 

directly as a function ofNA. This method is computationally simpler than propagating the 

angular spectrum in a plane-to-plane fashion to determine the far-field distribution. 

Secondly, since Equation (2-4) is valid for a2+p2~ 1, it is not limited to small NA (i.e., small 

propagation angle) geometries. Thirdly, the dimensionless coordinate system allows the 

presentation of results in a wavelength-independent manner. 

The detected signal is obtained by noting that the collection objective and 

photomultiplier tube act simply as a light bucket for the diffracted field that is contained 

within the entrance pupil of the objective. The intensity of the field is integrated over the 

entrance pupil to derive the detected signal current. For a circular on-axis entrance pupil 

with a collection NA denoted by irco the signal current is given as 

(2-6) 

The signal is in general a function of the scan coordinates x. andy,. 
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The diffiacted field amplitude for the cosine grating object is obtained by substituting 

the scattered field of Equation (2-3) into Equation (2-4). The result is 

U(<<,P) :: CY {S(a,p) * * ~ [0(«-<<0' P-Po) +0(«+<<0' P+Po)] 

xexp{ -i21t( «xs + PJ\) }} , (2-7) 

where S( a; {J) is the angular spectrum of the source field, and the shifted delta functions and 

exponential term are the angular spectrum of the object transmittance. The two-dimensional 

convolution operation in Equation (2-7) represents a mixing of these spatial spectra which 

produces two difli"action orders with shapes governed by S(~{J) and locations in direction 

cosine space determined by the grating frequency. An example of this mixing is shown in 

Fig. 2-3, where the angular spectrum of the scattered field along the p= 0 axis is plotted as 

a function of a. The plot is generated using a supergaussian source field with ~ =Ny =5 and 

a lie fullwidth ofO.16A. The object grating period is O.IA (ao=10, /10=0), and the scan 

coordinates are x.==Y.=O. The spectral mixing enables the detection of the subwavelength 

features of the object. Figure 2-3 illustrates how the subwavelength spatial frequency of the 

object downconverts certain evanescent spatial frequencies of the source field into the 

propagating range, lal~ 1. This portion of the source field energy can then propagate to the 

far field and be detected. 

The detected signal for the cosine grating object is obtained by substitution of 

Equation (2-7) into Equation (2-6). The signal is given by 
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i(xs'ys) oc 1 f y2 { 18(«-<<0' P-Po> 12 + 18(«+<<0' P+Po> 12 
- ex . t:'i""":i 

e -yex;-ex2 
(2-8) 

+2Re[8(«-<<0' P-Po> 8*(«+<<0' P+Po> exp{-i41t(<<oxs +PoYs>}] }dPd«. 

The leading multiplicative constants in Equation (2-8) have been dropped in order to clarify 

the conceptual development. A real-valued and symmetric source field distribution, like that 

of Equation (2-1), permits simplification of Equation (2-8) to the form 
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I¥ J1¥2_1¥2 

i(xs'Y) oc J f y2{s2(a-aO'P-PO) 
-I¥. -Ja.~-1¥2 (2-9) 

+S(a-ao' P-Po) S(a+ao'p+po) cos[41t(aoxs +PoYs) J} dPda . 

where the integrations over the two bias terms are equal due to symmetry. The cross term 

is modulated as the grating object is scanned. The amplitude of the modulation is given by 

a truncated overlap integral of the two diffiaction orders. The integral is nonvanishing for 

high spatial frequencies of the object provided that S(a;{J) is sufficiently broad in direction 

cosine space. The OTF of the NSOM system is the amplitude of the modulation normalized 

to its value at lro=Po=O. The OTF for the general case of a complex source field distribution 

is given by 

(2-10) 

The OTF, and thus the resolution of the NSOM system, depends on the shape of the source 

field's angular spectrum S(a;{J) and the collection NA Ire of the objective. Furthermore, if 

the source field s(xJ) is not rotationally symmetric, then the OTF is not rotationally 

symmetric. That is, the resolution depends on the scan direction. Equation (2-10) is similar 



38 

to the OTF of an incoherent imaging system which is given by the autocorrelation of the 

system's exit pupil [Gaskill 1978]. One can consider the angular spectrum S(a,fJ) to be an 

effective pupil function for the NSOM system. However, the finite integration limits in 

Equation (2-10) indicate that the OTF is not simply an autocorrelation of S(a,fJ). This 

situation is similar to a partially coherent Type 1 nonconfocal scanning optical microscope 

with a finite collection aperture [Wilson and Sheppard 1984]. 

2.3 Modeling Results 

Figure 2-4 shows representative plots of the OTF generated with Equation (2-10) for 

a variety of supergaussian source field shapes and collection NAs. All the plots show profiles 

of the two-dimensional OTF along the Po =0 axis, that is, the plots show relative contrast 

versus tXo' The OTF is real in this case because the supergaussian source field is real and 

symmetric. 

Figure 2-4(a) shows the OTF for a Gaussian source field (1Yx=Ny=2) with lie 

fullwidth as a parameter and a fixed collection NA of tXc=0.6. Plots are shown for lie 

fullwidths of 0.16...1, 0.12...1, 0.08...1, and 0.04...1. Relative contrast increases as the fullwidth 

decreases for a given value of direction cosine, as one would expect. The interpretation and 

use of the dimensionless direction cosine abscissa is illustrated with the following example. 

If one wishes to image an object feature of period ...1110 (that is, tXo=lO) with a relative 

contrast of at least 0.45, then the lie fullwidth of the source field must be no greater than 

0.04...1 (trace d), where A is the particular source wavelength used to illuminate the NSOM 

probe aperture. 
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Figure 2-4(b) shows similar OTF plots for a supergaussian source field with Nx =Ny =S 

and «c=O.6. Note that all four plots exhibit slightly greater resolution than the corresponding 

plots of Fig. 2-4(a) due to the sharper edges of the source field s(ijl). The shapes of the 

angular spectrum S( ~ {J) in this case are multilobed, which results in multilobed OTF 

functions, in contrast to the monotonically decreasing OTF functions for the Gaussian source 

fields of Fig. 2-4(a). 

Figure 2-4(c) shows the dependence of the OTF on collection NA. The source field 

is a supergaussian with Nx=Ny=2S and a lie fullwidth ofO.SJ. Plots of the OTF are shown 

for values of «c of 0.2 and 0.8. Regions of negative relative contrast correspond to contrast 

reversal in the image. There is almost no difference between the plots, which indicates that 

the OTF is insensitive to collection NA even for this relatively large source field width. 

Decreasing the lie fullwidth of the source field leads to increasingly congruent OTF curves. 

This result is a consequence of the increasing width of the angular spectrum S(~{J) in 

direction cosine space, which reduces the sensitivity of Equation (2-10) to «c' Therefore, the 

resolution of the NSOM system is overwhelmingly determined by the source field width. 

However, in practice one normally uses the largest NA objective possible to maximize 

collection efficiency. 

The resolution ofNSOM also depends on the separation between the aperture and 

the object due to the rapid divergence of the source field as it propagates away from the 

aperture. This dependence can be modeled by selecting the appropriate width for the source 

field at the object plane corresponding to a given separation. The plots in Fig. 2-4 may thus 

be applied to situations in which the aperture is not in contact with the object. 
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The resolution of conventional far-field optical microscopy increases as wavelength 

decreases. The resolution ofNSOM is independent of wavelength, and this independence 

may be demonstrated by reconsidering the example given above in conjunction with Fig. 2-

4(a) as follows. If the source wavelength is decreased by a factor of two, then the period of 

the object feature of interest becomes A/5, and the corresponding direction cosine is «0=5. 

In addition, the lie fullwidth of the source field is now 0.08A (trace c). Therefore, the 

relative contrast is still 0.45. 

A comparison of the linear systems model developed in this chapter and a rigorous 

electromagnetic calculation is presented in Fig. 2-5. The figure shows plots of the magnitude 

transfer function (MTF), i.e., the modulus of the OTF, computed by two different methods. 

Trace a is the linear systems model result obtained from the modulus of Equation (2-10). 

The source field in this case is not a supergaussian but instead is computed with the finite

difference-time-domain method ofKann et al. [1995a]. The aperture width is 0.16A, and 

transverse electric polarization is used which produces a Gaussian-like source field 

distribution. Note that this calculation is purely one dimensional, unlike the OTF plots in Fig. 

2-4. Trace b is the rigorous electromagnetic result computed with a method described by 

Kann et al. [1995b]. The method entails scanning the source field with a metallic knife edge 

in the near field to obtain the edge response as detected in the far field. The finite-difference

time-domain code is used to compute the electromagnetic interaction of the source field and 

the edge. (In general, the source field is perturbed by the presence of an object in NSOM 

systems.) The edge response is then differentiated to obtain the point spread function, which 

in tum is Fourier transformed to obtain the MTF, again in one dimension. The rigorous 
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Figure 2-5. Comparison of two methods for calculating the MTF. Trace a is the linear 
systems model result, and trace b is the rigorous electromagnetic method result. Details are 
given in the text. 

method accounts for the source field/object interaction and thus provides a more exact 

calculation of the MTF than is possible with the linear systems model. However, the source 

field/object interaction depends on the object's permittivity and topographic structure. 

Therefore, the MTF calculated with the rigorous method, while being more exact, is in 

general sample dependent. The MTFs calculated by the two methods shown in Fig. 2-5 are 

not in close agreement, but the results are not grossly different. The linear systems result 

exhibits greater relative contrast for direction cosines in the range 1 ~ ao~ 5.5. This difference 

is likely due to the fact that the linear systems model does not account for the divergence of 

the source field away from the aperture. The metallic knife edge used in the rigorous model 
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is 50 run thick, and the divergence of the source field over this distance as it interacts with 

the knife edge results in reduced resolution. The higher relative contrast exhibited by the 

rigorous model at other values of direction cosine is not understood. For ao>5. 5 the contrast 

is low anyway, and thus the difference in this region is probably not significant. These results 

demonstrate that the linear systems model can roughly predict the relative contrast expected 

when imaging with an actual NSOM system. 

2.4 Conclusions and Summary 

A simple linear systems model for predicting the resolution of a transmission mode 

NSOM microscope is developed with a dimensionless direction cosine fonnalism. 

Calculations of the OlF for several example source field distributions and collection NAs are 

presented. It is found that the resolution of the NSOM system is overwhelmingly determined 

by the width of the source field. The resolution is also a function of the separation between 

the aperture and the object. The resolution is only weakly dependent on collection NA, and 

the resolution is independent of the source wavelength. 

The MTF calculated by the linear systems model is in rough agreement with that 

calculated by a rigorous electromagnetic method. The rigorous method accounts for the 

source field/object interaction and is thus more exact, but this method is vastly more 

computationally intensive than the linear systems model. The linear systems model also 

provides physical insight to the imaging of subwavelength object features via the mixing of 

evanescent spatial frequencies. 
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CHAPTER 3 

SYSTEM INSTRUMENTATION 

The purpose of this chapter is to present a detailed description of the hardware and 

software that constitute the NSOM microscope, which may be divided into several 

subsystems. Each subsystem is discussed in a separate section. 

3.1 Instrument Overview 

The NSOM microscope is similar in design to other scanning probe microscopes used 

for scanning tunneling microscopy (STM) [Binnig et al. 1982], atomic force microscopy 

(AFM) [Binnig and Quate 1986], and magnetic force microscopy (MFM) [Martin and 

Wickramasinghe 1987]. The instrument described here is configured with an aperture-type 

probe for operation in the transmission mode, which is similar to the design described by 

Betzig et al. [1992a]. Our NSOM microscope is constructed from a modified WYKO 

commercial atomic force microscope. Figure 3-1 shows an overview block diagram. The 

essential subsystems are as follows. Firstly, the tapered fiber aperture probe is the key 

component which enables imaging with subwavelength resolution. Secondly, the near-field 

optical signal is generated by the signal path subsystem. Thirdly, the probe-to-sample 

separation is sensed and regulated by the servo subsystem. Fourthly, the probe and sample 

are supported and positioned by precision mechanics referred to as the head subsystem. 

Finally, images are acquired and displayed by the PC controller subsystem. Our NSOM 
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Figure 3-1. Overview block diagram of the NSOM microscope. 

microscope is capable of generating both near-field optical transmission images (NSOM 

mode) and shear force microscopy topographic images (SFM mode). We now describe each 

subsystem in more detail. 

3.2 Tapered Fiber Aperture Probe 

The NSOM probe is fabricated from a single-mode optical fiber that is tapered down 

to the desired subwavelength diameter (40 nm in this work). Figure 3-2 shows a schematic 

representation of the probe. The design of the probe is described by Betzig et al. [1991] and 

by VaIaskovic et al. [1995c]. Light from a laser source is launched into the cleaved end of 

the fiber and propagates to the taper region. The fiber is designed to be single mode at the 
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operating wavelength (458 run in this work) so that the propagating mode is stable as it is 

dielectrically guided to the taper region. The core and cladding diameters shown in the 

figure are typical for fiber designed for such relatively short wavelength operation. 

The taper region is formed by heating the fiber with a carbon-dioxide laser and 

pulling the heated region in a controlled manner with a commercial micropipette puller 

(Sutter Instruments model P2000). When the taper reaches the desired diameter the heat 

source is removed, which causes the fiber to cool and fracture perpendicularly to its 

longitudinal axis. The aperture is then formed by evaporating a 75 run thick aluminum 

coating on the taper region. The coating process is directional such that the very end of the 

fiber is uncoated, thus forming a subwavelength aperture. In this work, prepared fiber 

probes are obtained from collaborating researchers at AT&T Bell Laboratories. 

The aluminum is optically opaque and creates a cylindrical metallic waveguide in the 

taper region. At the aperture end of the taper the waveguide is cutoff and only an evanescent 

mode exists. The cutoff diameter for the lowest order transverse electric mode (TEll) is 

given by dc=1.84Alni'r, where A is the free-space wavelength, and n is the refractive index 

of the glass fiber [Ramo et al. 1965]. The cutoff diameter is 179 run for a wavelength of 458 

run. Therefore, the aperture probes in this work are well beyond cutoff. In the taper region, 

the fiber transitions from a dielectric waveguide that supports a propagating mode to a cutoff 

metallic waveguide that supports an evanescent mode. Light emitted from the aperture into 

air consists of a combination of propagating waves that travel to the far field and evanescent 

waves that are confined to the region of the aperture. 
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The optical throughput of the fiber probe is defined as the ratio of light power 

emitted from the aperture to that launched at the cleaved end. The throughput of the fiber 

probe is quite low. A major fraction of the light is reflected back from the taper region due 

to the discontinuity of the waveguide. Some of the light energy is absorbed by the aluminum 

coating. The fraction of light that does pass through the taper is attenuated exponentially in 

the cutoff region before reaching the aperture. For an aperture diameter of 40 nm the 

throughput is on the order of 10-6
• 

3.3 Signal Path Subsystem 

The signal path subsystem consists of the optics and electronics that illuminate the 

sample through the probe aperture and detect the light transmitted through the sample. The 

components are illustrated in Fig. 3-3. The light source is an argon ion laser that typically 

operates at the 458 nm line. The laser output is chopped at 2 kHz for lock-in detection. A 

polarizer is used to produce a pure linear state for manipulation by the quarter-wave and 

half-wave plates. The wave plates may be adjusted to compensate the birefringence of the 

fiber probe's pigtail and thus produce any desired polarization state output from the aperture. 

In this work, linear states in two orthogonal orientations are used. Polarization control is 

desirable because image contrast is dependent on the orientation of the illuminating 

polarization with respect to certain sample structures. Light is launched into the cleaved end 

of the fiber with a 20x microscope objective. Launch power is limited to less than 10 mW 

to avoid overheating the aluminum coating on the taper region of the probe. 
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The signal light is collected in transmission in the far field by a miniature objective 

lens. The lens (Geltech model 350080) is a molded glass biaspheric with a numerical 

aperture of 0.55 and is corrected for imaging through a 1.2 mm thick substrate. Signal levels 

are on the order of 10-14 to 10-8 watts depending on the aperture diameter and sample 

transmissivity. The collected light is collimated by an eyepiece. The objective and eyepiece 

may be used for visual alignment to position the probe over a feature of interest on the 

sample. The collimated beam is passed through an analyzer to select a particular 

polarization, if desired. A photomultiplier tube detects the light, and the modulated electrical 

output signal is applied to lock-in amplifier #1. The DC output of lock-in amplifier #1 is the 

NSOM image signal. The time constant of lock-in amplifier #1 must be long enough to 

integrate the shot noise and intensity noise of the laser source and provide an acceptably 

clean image. The time constant is chosen to limit output fluctuations to less than 1% offull 

scale, and a value of 10 msec is typical for highly transmissive samples. The time constant 

then limits the data acquisition rate, which is at least one time constant per pixel. 

3.4 Servo Subsystem 

The probe-to-sample separation is sensed and regulated by the selVO subsystem 

during scanning to enable the probe to track the topography of the sample and maintain 

subwavelength resolution. Detection of shear forces between the probe tip and sample 

surface is tne basis for sensing the separation. This section discusses the overall operation 

of the servo subsystem. The shear force interaction is discussed in detail in Chapter 5. 
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Regulation of the probe-to-sample separation in NSOM via the detection of shear 

forces between the probe and sample was introduced simultaneously by Betzig et al. [1992a] 

and Toledo-Crow et al. [1992]. This technique is similar to that employed in atomic force 

microscopy when operating in the noncontact attractive force mode [Martin et al. 1987, 

Erlandsson et al. 1988]. An advantage of the shear force technique is that a shear force 

topographic image (SFM) of the sample may be acquired simultaneously with the NSOM 

image by recording the feedback signal along with the optical signal. Correlative imaging 

may then be performed by comparing the two images to aid in the decoupling of optical and 

topographic sample features [Vaez-Iravani et al. 1993]. This technique is applicable to a 

wide variety of samples that may be either dielectric or conducting and either optically 

transmissive or opaque. In addition, the probe-to-sample separation may be varied from 

several nanometers to tens of nanometers, depending on environmental conditions. 

The shear force servo subsystem is illustrated in Fig. 3-4. The shear force technique 

is implemented as follows. A small dither vibration is applied to the probe by a three axis 

piezoelectric tube actuator to which the probe is mounted [Binnig and Smith 1986]. The 

vibration is in the x axis parallel to the sample surface. The dither amplitude at the aperture 

end of the probe is several nanometers. The structure of the probe is that ofa cantilever. 

The tapered end of the fiber is epoxied inside a glass pipette tube (20 mm long x 1 mm O.D.) 

for support, and the tapered end protrudes approximately three millimeters beyond the 

pipette creating a cantilever. The frequencies of the cantilever's first and second modal 

resonances are typically in the range of 15-20 kHz and 70-100 kHz, respectively. The 

frequency of the driven vibration is normally at the second modal resonance to obtain faster 
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response, as discussed below. The quality factor Q of the resonance is typically greater than 

100, and the spring constant k is on the order of 100 N/m. These parameters are well suited 

for force sensing. When the probe tip is in proximity to the sample surface, it is influenced 

by shear forces that modify the resonance and cause the dither amplitude to decrease 

monotonically as separation decreases. Therefore, measuring the dither amplitude enables 

one to regulate the probe-to-sample separation and to scan the sample in the constant shear 

force mode. That is, the servo maintains a constant shear force interaction between the 

probe and sample, which is assumed to correspond to a constant separation. (An alternate 

method for NSOM image acquisition is the constant height mode. In this mode the probe 
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scans in a fixed plane above the sample surface and does not follow the topography. No 

servo control or dithering is used, and extreme mechanical stability is required.) 

The components of the servo subsystem are shown in Fig. 3-4. The dither oscillator 

drives the probe piezo actuator tube and provides a reference to lock-in amplifier #2. The 

probe dither amplitude is measured by diffracting the light beam from a superluminescent 

light emitting diode off the probe and detecting the resultant modulation of the far-field 

pattern with a bicell photo diode. (An analysis of this beam diffraction sensing method is 

given in Chapter 4.) The outputs from the bicell's two elements are differentially amplified, 

and the modulation is measured with phase-sensitive detection by lock-in amplifier #2. The 

output oflock-in amplifier #2 is proportional to the probe dither amplitude, and the output 

is applied to the input of the feedback circuit. The feedback output (servo response signal) 

drives the sample piezo in the z axis to maintain constant separation. The servo response 

signal is an indication of the sample topography and is used for collecting a shear force image 

during scanning. 

A schematic of the closed-loop servo is shown in Fig. 3-5. Measurement of the 

probe dither amplitude is represented by the function H(jw) which encompasses the light 

emitting diode, bicell, differential amplifier, and lock-in amplifier #2. This measurement is 

compared to the "set point" to generate the error signal E. The set point is some fraction of 

the full scale dither amplitude at which the probe vibrates before coming in proximity to the 

surface. The feedback circuit is a proportional-integral controller that is commonly used in 

many scanning probe microscopes [Kuk and Silverman 1989, Jeon and Willis 1991]. The 

proportional and integral gain functions are Gp(jlJJ) and Gjjw), respectively. The integrator 
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Figure 3-5. Schematic of the closed-loop proportional-integral controller for regulating the 
probe-to-sample separation. 

enables the probe to track the slowly varying topography changes and tilt of the sample with 

zero steady state error. The proportional path provides a faster instantaneous response to 

sudden changes in topography. The sum of these two responses is fed to a high voltage 

amplifier, function Gm,(jw), that drives the sample piezo actuator in z to maintain constant 

separation. Note that the function H(jw) does not measure the separation directly, but 

instead H(jw) measures the probe dither amplitude, which is an indirect measure of the 

separation. 

The approach of the probe to the sample is a two step process. Firstly, the probe is 

brought within the z range of the sample piezo actuator (±6 J.1m) with lead screws. 
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Secondly, the servo subsystem is used to perform the fine approach of the probe to the 

sample. The servo loop is closed, and the integrator drives the sample piezo toward the 

probe until the set point is reached and the servo locks. 

The gain-bandwidth product of the servo and the sample topography limit the 

maximum linear velocity at which a sample may be scanned. Generally, the proportional

integral gains are set as high as possible. High gains produce fast response. However, the 

gains may not be set too high or oscillation will occur. The proportional-integral gains are 

set empirically and depend on the sample surface structure, probe morphology, and 

environmental conditions. The maximum gain-bandwidth product is limited by the phase lags 

of the servo loop. The loop gain must be rolled off below unity before the phase lag reaches 

- 1800 to prevent oscillation. The integrator contributes - 900 of phase lag at all frequencies, 

so the integrator path phase lag will reach - 1800 and will oscillate at a lower frequency than 

the proportional path. The two other major contributions to phase lag are the time constant 

of lock-in amplifier #2 and the resonant probe cantilever's inherent response delay. Firstly, 

the time constant oflock-in amplifier #2 must be long enough to integrate the shot noise of 

the light emitting diode source for an acceptable signal-to-noise ratio. A value of 1 msec is 

typical, which yields a single-pole low pass filter cutoff of 159 Hz. The phase lag of the filter 

asymptotically approaches -900 as frequency increases beyond the filter's cutoff. Secondly, 

the probe cantilever exhibits a delay in response to perturbation by an applied shear force. 

That is, the probe dither amplitude does not change instantaneously when encountering 

topography variations. When driven at resonance, the delay is on the order of 2 Tel L1 lU, where 

L1lU is the width of the resonance curve [Sarid 1991, Valaskovic et al. 1995a]. The delay 
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amounts to a phase lag in the servo loop. The resonance width Lilt) is greater at the second 

modal resonance. (The resonance frequency and resonance width increase proportionately 

from the first to the second modal resonance.) Therefore, the delay is shorter, and the servo 

bandwidth is greater at the higher resonance. 

3.5 Head Mechanics Subsystem 

The head mechanics serve to support and position the fiber probe and sample. Figure 

3-6 shows a schematic drawing of the head mechanics. Coarse vertical positioning of the 

probe in z is provided by 80-pitch lead screws, which also form a stable three-point contact 

between the probe holder and base unit. (Only two screws are shown in the figure.) These 

three screws are used to manually position the probe within approximately 5 Jlm of the 

sample surface. An auxiliary traveling microscope is used to view the probe during coarse 

vertical positioning. Coarse horizontal positioning of the probe in x and y is provided with 

a two-axis movement. The probe is chucked at the end of a three-axis piezoelectric actuator 

tube that provides fine positioning and the dither vibration required for the servo subsystem. 

The probe is held by its pipette tube which is affixed with a set screw. An essential feature 

of the probe chuck is that the pipette is rigidly constrained in all six axes of motion when the 

probe is resonantly driven by the piezo tube. 

The sample is typically prepared on a 1 mm thick glass coupon substrate. The sample 

IS clamped to the sample stage to insure rigid mounting, and coarse positioning is 

accomplished manually. The sample stage is in tum attached to a three-axis piezoelectric 

actuator tube. The actuator provides x-y raster scanning of the sample to generate the image 
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with a maximum field size of 73 x73 Ilm, and it provides z motion under servo control to 

maintain the probe-to-sample separation. The sample stage is elevated above the piezo tube 

and has a hole in its center to provide access to the transmitted optical signal. 

The motions of the piezoelectric tube actuators are calibrated with a standard 

Twyman-Green interferometer, as shown in Figure 3-7. The actuator is placed in the test 

arm of the interferometer and is oriented so that the axis of motion to be calibrated is 

collinear with the incident laser beam. A small mirror is attached to the actuator to 

retroreflect the beam. A known voltage is applied to the actuator and the fringe shift is 

noted. The calibration factor is then determined in units of nmlvolt through knowledge of 

the wavelength. The calibration factors for the two actuators are listed in Table 3-1. 
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Piezoelectric actuators are known to exhibit hysteresis and nonlinearity that depend on the 

magnitude and history of the driving voltage. Generally, the greater the actuator motion the 

greater the nonlinearity. There is no provision in the present NSOM microscope design to 

actively correct actuator errors. However, the field sizes of the images presented in this 

work are small enough that the nonlinearity is negligible. 

Table 3-1. Piezo actuator tube calibration factors. 

Probe piezo tube: 
Sample piezo tube: 

X-axts 
24.0 
446 

y-axis 
23.8 
491 

z-axts 
18.4 
16.0 
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3.6 PC Controller Subsystem 

The NSOM microscope is controlled by an IBM compatible 486/33:MHz personal 

computer (PC) as shown in Fig. 3-1. The PC runs control software originally written to 

operate the commercial WYKO atomic force microscope. The PC generates analog raster 

scan waveforms that drive the x and y axes of the sample stage piezo actuator. The 

waveforms are generated in accordance with the specified field size and scan speed. 

Simultaneously, the PC acquires image data pixel by pixel by sampling and digitizing the data 

signal in synchronization with the raster scanning. The SFM image is acquired by sampling 

the servo response signal at the feedback circuit output, which corresponds to the sample 

topography. The NSOM image is acquired by sampling the output oflock-in amplifier #1, 

which corresponds to the transmitted intensity. 

The PC displays and outputs the images in a variety of two and three dimensional 

formats. In addition, image processing functions are available such as tilt removal for SFM 

imagery and axis rescaling to correct for calibration errors of the sample stage piezo 

actuator. 

3.7 Summary 

A composite schematic of the NSOM microscope containing the essential 

components of all the subsystems is shown in Fig. 3-8. Certain details of the tapered fiber 

probe design and of the head mechanics are not shown to improve clarity. 
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CHAPTER 4 

DETECTION OF PROBE DITHER MOTION 

FOR SHEAR FORCE N.UCROSCOPY 
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The shear force servo subsystem and the acquisition of shear force imagery require 

the measurement of a minute dither motion of the probe, as described in Section 3.4. In this 

chapter, the optical detection method used to measure this motion is characterized. The 

optical geometry of the method is described, and a scalar diflTaction model that predicts the 

performance of the method is developed. Theoretical results from the model are presented 

and discussed. Experimental data are presented that confirm the accuracy of the model. 

4.1 Introduction 

Force microscopy, whether it be shear, atomic, magnetic, etc., requires two crucial 

components. Firstly, a force sensing cantilever, i.e., a spring, that either deflects (contact DC 

mode) or exhibits a change in resonance behavior (noncontact AC mode) when acted on by 

surface forces. The latter case applies to tapered fiber NSOM probes that are dithered at 

resonance. Secondly, a means of measuring the deflection or resonance change is needed. 

Optical measurement methods are commonly used due to their sensitivity and relative ease 

ofimplementation [Sarid 1991]. 

Measuring the probe dither amplitude in NSOM to detect resonance changes has 

been accomplished by imaging the optical radiation from the probe aperture through the 
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sample to a pinhole [Betzig et al. 1992a] and by differential interferometry [Toledo-Crow 

et al. 1992]. A simpler method based on dim-acting a focused laser or light emitting diode 

beam from the vibrating probe is now in common usage [Moyer and Paesler 1993, 

Shchemelinin et al. 1993, Grober et al. 1994a, Valaskovic et al. 1995a]. This method was 

first well characterized in a recent publication [Froehlich and Milster 1995]. We refer to the 

method as beam diffiaction sensing (BDS). (BDS is distinct from the optical beam deflection 

method used in many atomic force microscopes in which the laser beam is reflected from a 

cantilever probe [Meyer and Amer 1988]. The beam deflection method has also been applied 

to angled NSOM probes to which a small planar mirror is attached [Shalom et al. 1992].) 

In this chapter, the BDS method is characterized to determine the optimum detection 

configuration in terms of sensitivity and stability. 

4.2 Optical Geometry of the DDS Method 

The optical geometry of the BDS method as implemented for this analysis is shown 

in Fig. 4-1. The propagation of light is alongy, the axis of the fiber probe is along z, and the 

dither vibration is in x. The sample surface (not shown) is parallel to the x-y plane. An 

expanded Gaussian beam from a HeNe laser (l=0.633 flm) is focused with a 0.064 numerical 

aperture lens to a spot near the aperture end of the probe. 1 The calculated lIe2 diameter of 

the focused spot is 8.9 flm. In practice, the beam is incident on the tapered shank of the 

IThe light source and focusing lens in this analysis are different from the components in 
the NSOM microscope described in Chapter 3. However, the results of this analysis are 
generally applicable to BDS systems. 
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Figure 4-1. Optical layout of the BDS method showing relative positions of the focusing 
lens, probe shank, biceU detector, and the alignment parameters. The dimensions shown are 
taken from our experimental set up. 

probe at a point a short distance (15 J.1m) away from the aperture end, where the mean 

diameter of the probe shank is 5.1 J.1m. The light is diffi"acted by the probe shank and 

propagates to the far field. A square bicell photo diode is placed in the far field and detects 

a portion of the diffi"action pattern. The total photo currents from the two bicell halves, IA 

and lIP are subtracted to form a differential output current 1~=IA-10 , or added to form a sum 

output currentlJ:=IA+lo. In the latter case the bicelljust acts as a single-element detector. 

The probe is dithered about a fixed offset Lh'p. The probe dither displacement is 

sinusoidal and can be written as x(t)=Xsin( lUI), where X is the peak dither amplitude and {J) 

is the dither frequency. Dithering the probe causes a variation of the power incident on the 
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bicell halves. The resulting a.c. signal current is the time varying part of lA or l~ and is 

written as 

ill (t) = 01 Il sin( wt) (4-1 a) 

or 

(4-lb) 

respectively. The signal amplitude alA or al~is proportional to the probe dither amplitude 

X and is measured by applying lA or l~ to lock-in amplifier #2, as shown in Fig. 3-4. This 

proportionality can be expressed by 

(4-2a) 

and 

(4-2b) 

whereMA andM,Eare the differential and sum gains, respectively. The gains are expressed 

in tum by the partial derivatives 

(4-3 a) 

and 

(4-3 b) 

The gains are a function of the alignment parameters which include probe defocus Liy, probe 

offset Lixp , and detector offset LlxD • Therefore, the sensitivity of the BDS method and the 

choice of differential versus sum detection are strongly dependent on the alignment 

parameters. 
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4.3 Scalar Diffraction Model of the DDS Method 

A scalar diffraction model of the BDS system of Fig. 4-1 is used to calculate I~ and 

I ~ for a variety of system configurations. The model is written with MATLAB® numeric 

computation software and runs on a 486/33 MHZ PC. The input beam has a Gaussian 

intensity profile of specified lIe2 diameter and wavelength. The phase curvature produced 

by the focusing lens and the propagation of the electric field to the plane of the probe are 

simulated with a hybrid Huygen-Fresnel diffiaction integrall ABCD matrix formalism 

[Siegman 1986]. The effect of the probe is modeled as a zero-one transmittance mask 

function, and the probe shank's mean diameter and taper angle are input parameters. The 

propagation of the electric field just past the probe to the detector plane is also simulated 

with the aforementioned formalism, and the irradiance of the far field pattern is computed. 

The irradiance is spatially integrated over the bicell halves to obtain the two detector currents 

IA and lB' The differential and sum output currents I~ and I ~ are then calculated. The units 

of these currents are defined as arbitrary current units, or a.c.u., because the output of the 

model is proportional to, but not numerically equal to, the experimentally measured current. 

Finally, the model calculates the gainsM~ andM,D which have units ofa.c.u./flm. 

There are two additional elements in most BDS systems that are not shown in Fig. 

4-1. Firstly, the beam is usually reflected off the surface of the sample at grazing incidence 

after intersecting the probe shank. The plane of incidence is the y-z plane. This reflection 

geometry prevents vignetting of the beam by the sample substrate. If the sample has 

topography, the beam will experience some scattering. However, the scattering is usually 

a small effect due to the grazing incidence, i.e., the reflection from most surfaces becomes 
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more and more specular as the angle of incidence increases. Therefore, the reflection mainly 

amounts to a turning of the beam. The model thus assumes a flat sample. Results for a 

rough sample could be slightly different. Secondly, it is usually not convenient to place the 

bicell detector close to the probe as shown in Fig. 4-1, and a lens is used to image the far 

field pattern on the detector with the appropriate magnification. Omission of these two 

elements from the simulation does not significantly affect the results. 

Certain dimensional parameters in the model have been chosen to match the 

experimental setup and are shown in Fig. 4-1. Most of these parameters are constrained by 

either the mechanics of the experimental setup or the availability of components and are not 

easily changed in practice. Therefore, they are not used as variables in the model to study 

sensitivity. Other parameters in Fig. 4-1 have been experimentally determined to provide 

maximum sensitivity (maximum gain) over a wide range of the variable alignment parameters 

Liy, Ltxp, and LtxD • Specifically, the distance from the beam focus to the detector (12 mm) 

results in the optimum scaling of the far field pattern size with respect to the detector 

dimensions. In addition, the mean diameter of the probe shank (5.1 ~m) where the beam is 

incident presents an optimum scattering cross section for the 0.064 numerical aperture beam. 

If a higher numerical aperture focusing lens is used, the focused spot is smaller, and the beam 

should be repositioned closer to the aperture end of the probe (greater z coordinate) where 

the shank diameter is correspondingly smaller. 



67 

4.4 Theoretical Results of the Model 

In this section the model is used to conduct a parametric study of the dependence of 

the gains M JJ and Mz on the alignment parameters. The goal is to identify an optimum 

operating point with high gain, detennine the appropriate detector configuration, and assess 

the stability of the gain with respect to variations of the alignment parameters. The choice 

of differential versus sum detection is governed by the phase and magnitude relationship of 

the a.c. signal currents from the two bicell halves, which are denoted by iA(t) and iB(t). The 

relationship varies with the operating point and is discussed below for specific cases of 

interest. 

A representative far field irradiance pattern at the detector plane calculated by the 

model is shown in Fig. 4-2(a). The probe defocus Lly and offset Llxp are both zero. 

Therefore, the probe shank is at the focus of the converging beam, and the prominent 

sidelobes of the far field pattern result from diffraction of the tails of the focused spot that 

pass on either side of the probe. In addition, for Liy=O the wavefront phase incident on the 

probe has zero curvature. Therefore, the far field pattern is essentially the Fourier transform 

of a real function, and the pattern is symmetric with respect to the x=O axis for all values of 

Llxp [Gaskill 1978]. A contour plot of the far field irradiance is shown in Fig. 4-2(b). The 

outline of the biceU detector is superimposed on the plot to show the scale of the pattern with 

respect to the detector size. 

Figure 4-3 shows M JJ and Mz vs. Llxp for Liy=O with detector offset LlxD as a 

parameter. Detector offset is expressed as a percentage of the bicell's halfwidth (1.5 nun). 

For example, LlxD=50% corresponds to a physical offset of 0.75 mm. Curves for only 
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Figure 4-2. (a) Far-field irradiance pattern at the detector plane for Lly=O and Llxp=O. (b) 
Contour plot of the irradiance pattern showing bicell detector outline dimensions. 
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Figure 4-3. Plots of (a) differential gainM.:I and (b) sum gain.Mi: vs. Llxp for the case of 
Lly=O with LlxD as a parameter. 
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positive LlxD are shown because negative offsets yield identical curves reflected about the 

Llxp=O axis. The most obvious common features of the two sets of curves are the peaks for 

probe offsets Llxp at about ±3 J,lm. This gain peaking can be explained by the fact that, at 

probe offsets of ±3 J,lm, one side of the probe shank is acting as a knife edge. The knife edge 

cuts through the focused spot of the beam at its maximum intensity. Therefore, there is a 

maximum change in light power transmitted past the probe for a given dither amplitude X 

The signal derives mainly from the changing total power in the far field irradiance pattern, 

as opposed to a change in pattern shape. 

The maximum gain for Liy=O is achieved with differential detection as seen in Fig. 4-

3(a), whereM.d reaches a value of30 a.c.u./J,lm for LlxD=50%. However, tolerance to probe 

offset misalignment is poor because of the narrow width of the gain peak. This tolerance is 

important because the probe offset is the most difficult parameter to align and maintain 

experimentally due to thermal drifts and mechanical creep in the hardware. Note that theME 

curves coalesce for LlxD=O% to 50% and are thus tolerant to detector misalignment, but 

these curves also exhibit intolerance to probe offset misalignment. However, the peak 

sensitivity for sum detection is only slightly smaller than for differential detection, which 

indicates that iA(t)>>iit) at the peak operating point. Therefore, a single-element detector is 

adequate at this operating point. 

The far field irradiance pattern for a defocus of Liy=-lOO J,lm and Llxp=0.5 J,lm is 

shown in Fig. 4-4. In this case the curvature of the wavefront phase incident on the probe 

is nonzero, and the far field pattern is essentially the Fourier transform of a complex 

asymmetric function. Therefore, the pattern is not symmetric with respect to the x=O axis 
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Figure 4-4. Far-field irradiance pattern at the detector plane for Lly=-lOO J.1m and Llxp =O.5 
J.1m. 

[Gaskill 1978]. In particular, the two prominent sidelobes are imbalanced. An explanation 

can be made in terms of geometrical ray optics by noting that the setup of Fig. 4-1 is 

essentially that of a wire test for measuring ray aberrations where the probe shank plays the 

role of the wire [Malacara 1992]. The sidelobes simply result from the rays that pass around 

the wire that are not blocked. (However, this interpretation cannot explain the other features 

of the pattern such as the strong central lobe.) When the probe is offset, one sidelobe 

increases in power and the other decreases. These changes in power suggest the possibility 

of differential detection using both sidelobes. 
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Figure 4-5 showsM.1 andM,L'for the case of Liy=-lOO flm. 1 The plots ofM.1 and M,L' 

are qualitatively similar to those for Lly=O in Fig. 4-3, but the gain values are generally lower. 

The most interesting new feature is the behavior ofM.1for LlxD=O%. M.1 is nearly flat for 

probe offsets in the range ILlxpl ~2 flm, which provides improved tolerance to misalignment. 

Unfortunately, M.1 is somewhat low, only 7.5 a.c.u.lflm, in this region. The differential signal 

derives from the exchange of power between the sidelobes, and the a.c. signal currents iit) 

and iJ..t) are equal in magnitude and out of phase. Therefore, a bicell is the optimum detector 

configuration at this operating point. 

Plots ofM.1 andM,L'for Lly=-200 flm are shown in Fig. 4-6. The far field irradiance 

pattern for this defocus is similar to that of Fig. 4-4, except that the sidelobes more closely 

resemble a simple geometric shadow pattern of the probe shank. This effect can be explained 

by the fact that, as defocus increases, the probe obscures a smaller fraction of the incident 

beam and less light is scattered. The behavior of M.1 for LlxD=O% in Fig. 4-6(a) is again of 

particular interest. M.1 has a relatively constant value of 8 a.c.u.lflm over a probe offset 

range of ILlxpl ~2 flm. The gainM.1 is greater thanM,L'for this operating range, which again 

indicates that differential detection with a bicell is the optimum configuration at this 

operating point. 

A comparison of Figs. 4-3, 4-5, and 4-6 reveals that the overall magnitudes of M.1 

and M,L' generally decrease with increasing defocus. This decrease can be explained 

Iplots ofM.1 andM,L'for only negative defocus values are shown in this study. Plots of 
M.1 and M,L' for positive defocus are similar to those for negative defocus but reflected 
through the origin. 



20 

- 10 E 
~ -::i 
q 0 ca -
~ 

~ -10 

-20 

-10 

20 

- 10 E 
~ 
::i 
U 0 

-8 

.e r==:~~ 

~ 

~ -10 

-20 

-10 -8 

-6 -4 -2 

-6 -4 -2 

o 
4-7 (IJm) 

(a) 

o 

(b) 

73 

2 4 6 8 10 

2 4 6 8 10 
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qualitatively by the fact that the probe scatters less of the incident beam, and thus the far field 

irradiance pattern is less perturbed by the dither motion of the probe. The exception isM~ 

for LlxD=O%, which remains nearly constant for Lly=-100 J,lm to Liy=-200 J,lm. Further 

increase of defocus beyond - 200 J,lm results in reduced gains in all configurations without 

improving tolerance to misalignment. 

The following conclusions are made regarding the selection of an optimum operating 

point based on the results of the model. The operating point that affords the best 

combination of high gain and stability with respect to variations of the alignment parameters 

is that for differential detection with Lly=-200 J,lm, Llxp=O, and LlxD=O% as seen in Fig. 4-

6(a). The gain M~ at this operating point is tolerant to misalignments of the probe offset Llxp 

as discussed above. M~ is tolerant to variations of defocus as well, and M~ only decreases 

from 8 a.c.u.lJ,lm to 7.5 a.c.u.lJ,lm as Lly varies from -200 J,lm to -100 J,lm. Furthermore, 

differential detection provides rejection of high frequency intensity noise of the light source. 

In addition, the difference signal can be normalized to the low-pass sum signal to cancel low 

frequency drift of the source. Note that this operating point will be similar for other probe 

shank geometries. Alternatively, if maximum sensitivity is required,. the optimum operating 

point is at Lly=O, Llxp=+3 or - 3 J,lm, and LlxD =50% as seen in Fig. 4-3(a). Detection with 

a single-element photo diode can be used at LlxD=O%, as seen in Fig. 4-3(b), to simplify the 

electronics with only a small penalty in sensitivity as compared to differential detection. 

However, the signal cannot be normalized in this case, and intensity noise of the light source 

cannot be rejected. In addition, the tolerance to misalignments of Llxp and Lly is poor. In 
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general, for other probe shank geometries, maximum sensitivity is achieved when the focused 

spot lies near the edge of the shank. 

It may be desirable in experimental situations to sacrifice sensitivity for mechanical 

stability. The lower gainM.:1 of8 a.c.u.l~m at the more stable operating point in Fig. 4-6(a) 

is perfectly acceptable if (1) the signal is large enough for operation of the feedback 

electronics, and (2) the smallest detectable probe motion provides the required shear force 

resolution for SFM imaging. These requirements are quantified by the post-detection signal-

to-noise ratio and the minimum detectable displacement of the probe. These issues are 

treated in Chapter 5. 

4.5 Experimental Measurements of Differential Gain 

In this section measurements of differential gain made with the BDS system are 

presented to verity the predictions of the model. The experimentally measured differential 

gain is denoted by MAEKP , which has units of amperes/~m. MAEXP is obtained by measuring 

the signal current with lock-in amplifier #2 (Fig. 3-4) for a known probe dither amplitude. 

The probe motion is calibrated at d.c. in a separate procedure with a Twyman-Green 

interferometer, as described in Section 3.5. The experimental gains are converted to units 

of a.c.u./~m for comparison with the theoretically calculated values. The converted gain is 

denoted by M'AEXP, and the conversion is accomplished by 

(4-4) 
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where I.E is the sum output current calculated by the model with units ofa.c.u., and I.E,EXP is 

the sum output current measured in the experiment with units of amperes. These two 

currents are evaluated at the operating point where MAEXP is being measured. The ratio in 

parentheses is the scaling factor between the arbitrary current units of the model and the real 

current measured in the experiment. 

The experimental data are displayed in Fig. 4-7(a-c) for Lly values of 0, -100, and 

-200 J.lm, respectively. Measurements ofM'AEXP are shown at two selected LlxD values for 

each Lly value. The corresponding theoretical MiJ curves are plotted along with the 

experimental data points. The agreement between M'AEXP and MiJ is generally very good 

over all ranges of the alignment parameters shown. The predicted gain peaking is well 

represented by the data in Fig. 4-7(a) for Lly=O and LlxD=50%. The experimental gain peaks 

occur at Llxp=±4 J.lm and reach values of ±28 a.c.u./J.lm, respectively, but data are only taken 

at 2 J.lm intervals. Therefore, the true peaks might occur at Llxp=±3 J.lm as predicted by the 

model. The predicted stable operating point at Lly=-200 J.lm, Llxp=O, and LlxD =0% is 

supported by data in Fig. 4-7(c). The experimental gainM'AEXP is relatively constant over 

-2 J.lm<Llxp<4 J.lm with an average value of5.6 a.c.u./J.lm, which is lower than predicted by 

the model. 

Certain experimental data points appear to be shifted with respect to the 

corresponding theoretical curves to more negative probe offset values. This shifting is 

evident in the negative gain peaks for Lly=-lOO J.lm and LlxD=33% in Fig. 4-7(b) and for 

Lly=-200 J.lm and LlxD=27% in Fig. 4-7(c). The shifts may be due to the uncertainty in 

determining the zero probe offset position experimentally. This determination is done by 
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Figure 4-7(a). Experimental differential gain M'A.EXP data and corresponding theoretical 
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for the selected LlxD values. The theoretical curves are plotted with solid lines. 

translating the probe through the beam and visually judging when the far field pattern is 

symmetric with respect to the x=O axis. However, there does not appear to be any shift in 

the data for LlxD=O% at these same Lly values. Therefore, it is possible that the model is 

slightly inaccurate for certain ranges of the alignment parameters. One possible cause of 

inaccuracy is the representation of the probe in the model. The probe is modeled as a zero-

one transmittance mask function, but in reality the probe has a circular cross section and a 

mirrored surface due to the aluminum coating applied to the tapered fiber. Light rays that 

strike the probe at glancing incidence are reflected at low angles and may reach the detector 
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Figure 4-7(b). Experimental differential gain M'AEXP data and corresponding theoretical 
curves of MiJ for Lly=-lOO J.1m. The experimental points are plotted with the symbols 
indicated for the selected LlxD values. The theoretical curves are plotted with solid lines. 

and contribute to the signal. This reflection phenomenon is observed experimentally, but it 

is not accounted for in the model. 

Generally, the experimental and theoretical differential gains are in remarkably good 

agreement considering the number of variables in the model, as stated above. This 

agreement suggests that the model can reliably predict the performance of the BDS system 

for a wide range of the alignment parameters and other system variables. Furthermore, it is 

expected that values of system variables other than those used in this study, such as lens 

numerical aperture and probe shank: diameter, would yield MiJ and ME that behave similarly 

to the above modeling results and experimental data. This expectation is based on how the 
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Figure 4-7(c). Experimental differential gainM'4E.XP data and corresponding theoretical 
curves of MA for Lly=-200 f.1m. The experimental points are plotted with the symbols 
indicated for the selected LlxD values. The theoretical curves are plotted with solid lines. 

probe defocus Lly and probe offset Llxp affect the resultant far field irradiance pattern, as 

discussed in Section 4.4. 

4.6 Conclusions and Summary 

In summary, a scalar diffi'action model that predicts the sensitivity of the BDS 

method is presented. This method is used to measure the minute dither vibration amplitude 

ofNSOM probes that are regulated with shear force feedback. Experimental measurements 

of differential gain confirm the accuracy of the model. The theoretical predictions and 

experimental data show that for maximum sensitivity the probe should be at the focus of the 
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incident beam. The probe should be laterally offset so that the focused spot is centered near 

an edge of the shank. A single-element detector can be used with zero offset. However, this 

alignment is difficult to achieve and maintain in practice. It may be preferable to sacrifice 

some sensitivity for ease ofaligmnent and stability. For maximum tolerance to misalignment 

and mechanical drift the probe should be defocused and the lateral offsets of the probe and 

detector should be zero. Differential detection with a bicell photodiode is required in this 

case. 
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AND IMPLICATIONS FOR SHEAR FORCE MICROSCOPY 
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The sensing of the shear force between the vibrating probe and the sample is used to 

regulate the probe-to-sample separation and generate SFM images, as discussed in Section 

3.4 and Chapter 4. However, the nature of this force interaction and its subsequent effect 

on the resonance behavior of the probe are not well understood and are the subject of much 

qualitative speculation in the literature. Quantitative investigation of the shear force 

interaction has been neglected for the very reason that the technique works reliably on a 

variety of samples and delivers quality SFM images with relatively little effort. In this 

chapter the results of two experiments are presented that serve to quantifY the force 

interaction and the limits of its detection with the BDS method. These results improve the 

understanding of the force interaction and aid the interpretation of shear force images. 

5.1 Theory of the Resonance Behavior of the Probe Cantilever 

The vibrating probe cantilever can be modeled as a classical driven harmonic 

oscillator with an equation of motion derived from Newton's second law given by [Sarid 

1991] 

m aCt) + y vet) + k x(t) = Fa sine wt) , (5-1) 
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where the tenns on the left hand side are the inertia, damping, and restoring forces, and the 

right hand side is the driving force. The quantity m is the effective mass, y is the damping 

coefficient, and k is the spring constant of the cantilever. Fa is the driving force amplitude 

applied by the piezo actuator, and 6} is the driving frequency. The probe dither response 

displacement (referred to the aperture end of the probe) is x(t) =Xsin( lUt+ t/J) where t/J is the 

phase shift between the driving function and the probe response. The velocity and 

acceleration of the probe are v(t) and a(t), respectively. The response amplitude is derived 

by substitution ofx(t) in Equation (5-1) to obtain 

(5-2) 

where 6}0 is the undamped natural frequency and Q is the quality of the resonance. Q is given 

by Q=kIY6}o, or alternately by Q=6}oIA6}, where A6}is the width of the resonance at 1l{2 

of the maximum amplitude. The numerator of Equation (5-2) is interpreted as the driving 

displacement amplitude. The undamped natural frequency 6}0 applies to free oscillations and 

is distinguished from the frequency of maximum driven amplitude 6}m [den Hartog 1985]. 

These two frequencies are given by 

(a) =~ o , 
m 

(5-3) 

and 
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(5-4) 

where rc is the critical damping and is given by rc =2m wO' In the case of small damping the 

two frequencies nearly coincide, and as damping increases Wm decreases. 

The response amplitude X decreases as the probe approaches the sample surface. 

(The driving function is held constant.) A typical approach curve showing X vs. the probe

to-sample separation h is displayed in Fig. 5-1. (The quantities oX and OIl are explained in 

Section 5.5.) The shear force servo locks when the amplitude reaches the set point, which 

is some fraction of the full scale probe dither amplitude. The approach curve is obtained by 

driving the probe at its second modal resonance, and the sample is a flat polished Pyrex 

substrate. Data were taken at the five points shown, and the solid curve is a polynomial fit 

to the data. The changes in separation h between data points are determined by measuring 

the voltage applied to the sample stage piezo actuator and utilizing the calibration factor in 

Table 3-1. The extrapolation to zero is based on the fact that the amplitude is zero when the 

probe is in hard contact with the sample [Grober et al. 1994a]. 

The decrease in amplitude X results from a modification of the probe cantilever 

resonance due to the shear force interaction between probe and sample. Examination of 

Equation (5-2) reveals that the modification can be either a decrease in Q and/or a shift in 

wO' A decrease in Q (increase in r) would result from dissipative frictional forces that are 

proportional to the instantaneous velocity of the probe. A shift in Wo would result from a 
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Figure 5-1. Approach curve showing the decrease in probe dither amplitude as the probe 
comes in proximity to the sample surface. The plot is a polynomial fit to the measured data. 

spatially varying force in the direction of the probe dither motion. Such a force can be 

expanded to first order in a Taylor series by 

(5-5) 

where the force derivative is Fx'(x)=BF;c(x)/Bx. Inclusion of this force in Equation (5-1) 

results in a modified spring constant k'=k-F/(xo), which in tum yields a shifted natural 

frequency 

(5-6) 
m 
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The frequency shift is approximated as OllVII. (,)oF,/(xo)/2k. However, it is difficult to make 

an argument for reliable servo operation based on lateral force derivatives of this type, as 

discussed below. 

Normal force derivatives of the form aF:z(z)/az are observed in noncontact atomic 

force microscopy in which the cantilever is oriented nearly parallel to, and vibrated normally 

to, the sample surface [Martin et al. 1987 and Erlandsson et al. 1988]. Servo operation is 

based on the decrease in X caused by the normal force derivative. An example of such a 

force is the attractive van der Waals force that decays with increasing distance from the 

surface [Burnham and Colton 1993]. The force interaction in that case is more easily 

understood than for the case of an NSOM probe - the AFM cantilever is vibrating in z 

through a known force field. 

There are numerous speculative explanations in the literature for the decrease in 

dither amplitude observed with NSOM probes. The first demonstration of shear force 

regulation of the probe-to-sample separation was reported by Betzig et al. [1992a] who 

suggested (without proof) that the dither amplitude decrease results from a shift of (,)0' in 

analogy with noncontact AFM. Toledo-Crow et al. [1992] and Yang et al. [1992] 

suggested that random sample roughness could cause a local variation of the probe-to

sample separation under the vibrating probe. This variation produces a corresponding 

variation of the van der Waals force, presumably leading to an effective F,/(x). However, 

such an effect would entail random changes in the sign and magnitude of F,/(x), and thus 

random changes of 0(,)0, and would not provide reliable servo regulation of the separation. 

Indeed, Taubenblatt [1989] observed topography related bipolar shifts of 0(,)0 for a STM 
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probe vibrated laterally near resonance. Similarly, DiCarlo et al. [1992] observed bipolar 

shifts of O(()O for a MFM probe vibrated laterally near resonance caused by the sample's 

fringing magnetic field. More recently Moyer and Paesler [1993] suggested that the 

amplitude decrease observed with NSOM probes is a result of viscous damping due to the 

contamination layer on the sample. This explanation seems more plausible because adsorbed 

water and contaminants are virtually always present on surfaces exposed to air [Smith 1995, 

Burnham and Colton 1993]. For example, resonance damping of AFM probes has been 

observed in a manner that suggests the formation of a water capillary between the probe and 

surface [ErIandsson et al. 1988]. Furthermore, it is generally not possible to observe actual 

atomic forces, such as the van der WaaIs force, without the removal of the contamination 

layer via ultra high vacuum. The author is not aware of any NSOM experiments that have 

been performed in vacuum to date. 

5.2 Measurement of the Probe Resonance and Interaction Force 

Knowledge of the probe resonance frequency response, X vs. ((), as a function of 

separation h would obviously provide a direct indication of the force acting on the cantilever. 

Both the nature of the force and its magnitude could be deduced. However, such a 

measurement requires extreme mechanical stability because the shear force servo cannot be 

active if the drive frequency is to be swept. Referring to Fig. 5-1, the separation would need 

to remain stable to better than one nanometer during the response measurement. A more 

reliable technique that circumvents the need for mechanical stability is to operate the servo 

at the probe's second modal resonance to maintain constant h in the usual fashion, and 
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perform a swept frequency measurement at the first modal resonance. The results of such 

a measurement are described in this section. 

The experimental set up is basically that of Fig. 3-4 with the addition of a dynamic 

signal analyzer to perform the frequency response measurement. The swept drive output of 

the signal analyzer is added to the dither oscillator output and applied to the probe piezo 

actuator. The detector preamplifier output signal is split and applied to the inputs of the 

signal analyzer and lock-in amplifier #2. The signal analyzer only detects the lower 

frequency signal, and lock-in amplifier #2 only detects the higher frequency signal for servo 

operation. It was verified that the two vibration modes of the cantilever are decoupled and 

that the response is linear. That is, the presence of the drive at the second modal resonance 

does not perturb the measurement of the response at the first resonance. It is assumed that 

the probe-sample force interaction modifies both resonances in the same manner. The 

sample for the test is again a flat polished Pyrex substrate, and the test is performed in air at 

ambient conditions. 

The probe's frequency response at the first modal resonance with the probe far off 

the surface is shown in Fig. 5-2, trace a. The Q is 204 in this case, and the damping is purely 

due to air friction. The influence of shear forces is shown by the responses in Fig. 5-2, traces 

b through e, recorded at separations h of 4.7, 3.1, 1.9, and 0.66 nm, respectively. The 

responses show a clear increase in damping r as h decreases due to a frictional type force 

between the probe and sample. In addition, there is a slight increase in (cJm as r increases 

which contradicts Equation (5-4). Therefore, there may be a force derivative F/(x) present 

as well, possibly due to surface roughness, which causes an increase in (cJo that dominates the 
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Figure 5-2. Frequency response of the probe's first modal resonance as the probe-to-sample 
separation h is varied. In trace a the probe is vibrating in air far from the surface. The 
separation in the other traces is (b) 4.7 nm, (c) 3.1 nm, (d) 1.9 nm, and (e) 0.66 nm. 

r dependence of Equation (5-4) and results in a net increase in "'m' The increase in r in Fig. 

5-2 from trace a to trace e would cause a decrease in "',,/2n of only 3 Hz. The observed 

increase in "',,/2n is 65 Hz, which would result if the modified spring constant k' increases 

by only 0.72%. However, the increase in r is the dominant modification to the resonance 

behavior and is overwhelmingly responsible for the decrease in dither amplitude X 

The shear force interaction can be represented in Equation (5-1) to a large extent by 

an effective damping coefficient r..tf = rai' + rl' The term ra" is the damping due to the air 

surrounding the probe and is a constant. The term rl is the additional damping associated 

with the probe-sample friction. The total damping force can thus be written as 



YeffV{/) = (Yair + Ys)v{/) 
= fair (I) + Is (I) 
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(5-7) 

The damping Ys is clearly some function of separation h. Determination of this dependence 

may provide insight to the origin of the probe-sample friction. 

An analogy can be made between the NSOM probe-sample arrangement and a slider 

bearing lubricated with a fluid film (such as the flying head in a magnetic disk drive). The 

lateral fiiction force for such a bearing depends on the film thickness h and is given by [Gross 

elal. 1980] 

(5-8) 

where p is the fluid viscosity (gas or liquid), Wand L are the width and length of the bearing, 

respectively, and v,. is the relative velocity of the bearing surfaces. If the probe-sample 

fiiction is a viscous fluid damping effect, e.g., an adsorbed water layer, one might expect to 

find Y/loc 1Ih. 

In the analysis presented here it is more convenient to work with the quality factor 

than the damping. The fonnulation for Y.jJ above leads to an effective quality factor given 

by 

Q = Qalr Qs 
elf Q + Q air s 

(5-9) 

where the subscripts have the same meanings as for the damping tenns. Values of QejJ are 

obtained directly from the response curves of Fig. 5-2. In the case of Fig. 5-2, trace Q, the 
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probe is far off the sample and thus Ys=O, Qs=oo, and Q.ff=Qair=204. Note that Qair is a 

constant. 

Four ordered pairs (Qs,h) may be calculated with the aid of Fig. 5-2, traces b through 

e, and Equation (5-9). One might expect to find Qscch based on the slider bearing analogy. 

A log-log plot of these ordered pairs is shown in Fig. 5-3 along with a best fit line to the 

data. The best fit line does indicate that the system is similar to the slider bearing. However, 

the slope of the data plot increases continuously from 0.94 to 1.9, which indicates that the 

dependence of Qs on h is neither linear nor a simple power law relationship. The analogy 

with the slider bearing is admittedly imperfect. The mass of the NSOM probe is not actually 

being supported by the fluid layer, and the probe velocity is sinusoidal, not constant. The 

functional dependence of the shear friction force!s(t) on h is apparently more complex, but 

the author believes that the origin of the force is most likely the contamination layer that is 

expected to have fluid-like properties. 

S.3 Quantifying the Shear Force 

The exact dependence of the shear force!s(t) on h is not easily determined, but one 

can calculate the peak amplitude ofls(t), denoted by Fs, via the following development. In 

practice the probe cantilever is driven at the resonance frequency (j)m that applies when the 

probe is far from the surface (Fig. 5-2, trace a). The damping is small under this condition 

and (j)mQ!(j)o. It can be shown by substitution of (j)=~ in Equation (5-2) that the damping 

force exactly cancels the applied force. That is, the energy applied to the oscillator per cycle 
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Figure 5-3. Dependence of the quality factor Q. associated with the surface friction force 
on probe-to-sample separation h. The measured data is plotted with the broken line. A 
linear best fit to the data is plotted with the solid line. 

equals the energy dissipated per cycle when the cantilever is driven at resonance. Therefore, 

the amplitudes of these forces can be equated as 

(5-10) 

where Vis the peak velocity of the probe. Since the applied force amplitude Fa is constant, 

Equation (5-10) yields the interesting result that the total friction force amplitude r.ffVis 

constant as well. That is, as r.ff increases due to shear friction the displacement X and 

velocity V of the probe decrease in the same proportion if icJo is approximately constant. 

When the probe is far from the surface the total frictional force is just the air friction. As the 

probe comes in proximity to the surface, air friction decreases and the shear friction increases 
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keeping the total fiiction constant. (Recall that the response curves in Fig. 5-2 indicate that 

(c)o may increase slightly as h decreases. However, the frequency shift o{c)o is small, and we 

assume Equation (5-10) is valid for a fixed drive frequency.) 

The total friction force amplitude Y.ff V is a constant if (c)= (C)O , as stated above. 

Therefore, this amplitude must equal the air fiiction force amplitude that occurs when the 

probe is far from the surface. From Equation (5-10), the total friction force amplitude in air 

is written as YairXair (c)a> where Xatr is the initial probe dither displacement amplitude in air 

prior to approaching the surface, i.e., the peak amplitude in Fig. 5-2, trace a. We then make 

the substitution Y.ff=Yatr +Y. in Equation (5-10) and solve for the shear force amplitude F •. 

We also use the relationship X=Xair(QqJIQatr), which can be derived from Equation (5-2) 

with (c)= {c)o' The result is 

F = kX [Qatr - Qeff ] 
I atr 2 ' 

Qatr 
(5-11) 

or 

(5-12) 

The shear force amplitude Fs is plotted vs. probe-to-sample separation h in Fig. 5-4 

with the aid of Equation (5-11). The amplitude Xair is 5 nm in this case and is determined 

with the aid ofthe calibration factor in Table 3-1. The quality factors are obtained from Fig. 

5-2. The spring constant k is taken to be 100 N/m which is a typical value for tapered fiber 

NSOM probes. (Methods for the detennination of k are discussed in Section 5.4.) The 

order of magnitude of the force (nanonewtons) is consistent with other observations of 
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Figure 5-4. Dependence of the shear force amplitude F, on probe-to-sample separation h. 

lateral fiiction in atomic force microscopy [Mate et al. 1987, Meyer and Amer 1990]. The 

shear force amplitude increases with decreasing h at a rate that is slightly greater than linear. 

This rate corresponds to the decrease in Q.ff with decreasing h. Note that Fig. 5-4 is 

considered a representative characterization of the shear force interaction, and the curve is 

expected to vary for different probes, samples, and environmental conditions. 

5.4 Limitations on Force Measurement and the Minimum Detectable Displacement 

A key issue in force microscopy is the resolution to which the forces between the 

probe and sample can be measured. Limitations are imposed by the cantilever design and by 

the method used to sense cantilever deflection or resonance changes. Martin et al. [1987] 
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analyzed the force resolution for noncontact AFM where the probe is dithered normally to 

the surface. A similar analysis for shear force microscopy with tapered fiber NSOM probes 

in conjunction with the BDS method may be carried out using Equation (5-12) as a starting 

point. The probe dither amplitude X is the quantity measured by the BDS system, and the 

differential change in shear force is oFs= -(kIQair )oX The smallest change in amplitude oX 

that can be sensed is referred to as the minimum detectable displacement (MOD). The MOD 

in tum determines the smallest resolvable change in force oFs acting on the probe. An 

analysis of the MOD for the BDS method is described in a recent publication [Froehlich and 

Milster 1994]. In this section an equation for the MOD is developed. Theoretical 

calculations and experimental measurements of the MOD are presented and compared. 

The BDS system is shown in Fig. 4-1. Following the development of Section 4.2, 

the rms detector current can be written as Irms=MXrms, where Xrms is the rms probe 

displacement. The proportionality constant M can be written as M=RPG, where R is the 

photodiode responsivity in AIW, P is the total optical power on the detector in watts, and 

G is a gain factor with units of length-I. The gain factor G determines the sensitivity and is 

a function of the alignment parameters Llxp, LlxD' and Lly as described in Chapter 4. The 

MDD is dependent on the noise sources present in the system, and in the following 

paragraphs noise is treated as a displacement. That is, noise current is converted to an 

equivalent noise displacement by Xrms. nots.=Irms. nots.IRPG. 

The dominant noise sources for the BDS method are the shot noise of the laser or 

light emitting diode source and the thermal vibration noise of the fiber probe cantilever. 

Electronic noise is negligible in our system. Under these conditions the rms probe 
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displacement can be expressed in terms of the signal-to-noise ratio SIN and the root-sum-

square noise displacement by 

Xrms = SIN 2eRPB + 6~(CJ» , 
(RPG)2 

(5-13) 

where e is electron charge, B is the bandwidth of the detection electronics, and o.i CcJ) is the 

rms thermal vibration noise displacement of the cantilever. The spectral density of the shot 

noise is flat. The spectral density of the thermal vibration noise has the same lineshape as the 

frequency response of the cantilever, which is given by Equation (5-2) [Heer 1972]. 

Therefore, the total noise is a maximum on resonance where CcJ= CcJm• The thermal vibration 

noise can be written as the product of a peak value times a normalized lineshape and is given 

by 

(5-14) 

where KB is Boltzman's constant and T is the absolute temperature. The rms probe 

displacement Xrms is the MDD under the conditions SIN= 1 and B= 1 Hz. In the shot noise-

limited case, i.e., 2eRPBI(RPG)~)o/(CcJ), the MDD is proportional to p-'h. That is, the 

MDD can be made smaller by increasing the power on the detector according to p-'h. The 

system can be made thermal vibration noise limited on resonance by maximizing G via 

adjustment of the alignment parameters, and/or by increasing P arbitrarily, in which case the 

MDD asymptotically approaches 0x(CcJ), which is the lower bound on the MDD. Therefore, 
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thennal vibration noise-limited operation is desirable because it represents the best one can 

do with a given cantilever. (In practice, the available laser power is limited, and thennal 

vibration noise-limited operation might not be achievable through maximizing G.) 

A theoretical calculation of the MDD for the BDS method is made with Equations 

(5-13) and (5-14). The parameters are either calculated or measured directly in the 

experimental set up, as appropriate. Here we consider the system aligned for maximum 

sensitivity (maximum gain) to obtain the best possible perfonnance, as described in Chapter 

4, and differential detection (M=MJ is used. The gain factor is then G Jj, and its calculated 

value is 0.246 J.1m- 1 using the scalar diffraction model of Chapter 4. The measured incident 

power Pis 186 J.1 W. The measured photodiode responsivity R is 0.33 AIW. The measured 

first modal resonance frequency and quality factor of the fiber probe are (Lto 12 7r= 16.94 kHz 

and Qair=290, respectively.l The calculated spring constant k is 80 N/m if one assumes the 

probe is a cylindrical rod [Sarid 1991]. A plot of the theoretical MDD, Equation (5-13), 

around the probe's first modal resonance is shown in Fig. 5-5. The theoretical MDDs for 

purely shot noise-limited operation and purely thennal vibration noise-limited operation on 

resonance are 2.9xlO-3 ~.fHz and 7.5xl0-3 Anna I.fHz, respectively. The MDD on 

resonance resulting from the combination of shot and thennal vibration noise is 8.1 x 10-3 

~.fHz. Therefore, the MDD is nearly, but not completely, thennal vibration noise limited. 

The measured noise displacement spectral density of the BDS method around the 

probe's first modal resonance is shown in Fig. 5-6(a). The system parameters are the same 

lNote that the fiber probe used in this test is different from the one in Sections 5.2 and 5.3. 
However, the parameters are very similar. 
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Figure 5-5. Plot of the theoretical MDD for the BDS method around the probe's first modal 
resonance with the system aligned for maximum gain. 

as those used in the theoretical calculation of the MDD above. The measurement is made 

by applying the differential output signal from the detector preamplifier to a spectrum 

analyzer and allowing the undriven probe to freely vibrate in air. The measured noise current 

is converted to a displacement by using the measured gain factor of 0.256 Ilm-1. The 

measured and theoretical gain factors are in good agreement and differ by only 4%. The 

measured noise spectral density is well matched to the theoretically calculated MDD in Fig. 

5-5. As expected, the shape of the noise spectrum mimics the measured frequency response 

of the driven probe shown in Fig. 5-6(b), including the anomalous bump just below 

resonance. The off resonance spectral density in Fig. 5-6(a) is dominated by shot noise, and 
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the spectral density is a combination of shot and thermal vibration noise on resonance (note 

that the vertical scale is linear). The measured shot noise-limited MOD is 2.8x 10-3 Pnn/{Hz. 

This value is slightly lower than the theoretical value due to the small error in the calculated 

gain factor. (The theoretical and measured shot noise currents are identical, however.) The 

measured thermal vibration noise on resonance is (with shot noise subtracted) 6.4x 10-3 

AmtJ/{Hz. This value is also slightly lower than the theoretical calculation, and the most 

likely cause of the discrepancy is that the cantilever spring constant is larger than calculated 

above. We deduce from the experimental data that the actual spring constant is 110 N/m. 

The MDD on resonance is limited by shot and thermal vibration noise to a practical value of 

7x 1 0-3 ~{Hz. Again, this value differs from the theoretical prediction due to small errors 

in the calculated gain factor and spring constant. The MOD is nearly thermal vibration noise 

limited on resonance, as expected. 

The calculations and measurements of the MOD above apply to the probe vibrating 

in air. The effect of the shear frictional force between the probe and sample must also be 

considered. In particular, the peak value of the thermal vibration noise depends on Q.ff' as 

seen in Equation (5-14). Q~decreases as the probe approaches the surface as shown in Fig. 

5-2. Therefore, the contribution of ox( CcJ) also decreases and is determined by the set point 

of the shear force servo. 

The BDS method is not as sensitive as optical methods used in atomic force 

microscopy for sensing cantilever motion. Shot noise-limited MODs have been reported for 

cantilever motion sensing methods based on optical beam deflection (4x l0-4 Pnn/{Hz) 

[Meyer and Amer 1988], differential polarization interferometry (10-4 Pnn/{Hz) [Yang et 
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al. 1992], and Fizeau interferometry (1.7x lO-3 ~{Hz) [Erlandsson et al. 1988]. A 

method based on laser diode feedback is limited by laser intensity noise to 2x 1 0-4 ~{Hz 

[Sarid et al. 1990, Miles et al. 1983]. The BDS method is a factor of 1.6-28 worse than 

these methods. However, the BDS method is simpler and more practical to implement in 

near-field microscopes than any of the above methods. Lastly, the BDS method is more 

sensitive than a capacitance sensing method that has recently been applied to NSOM with 

a reported MDD of 10-2 ~{Hz [Leong and Williams 1995]. 

5.5 Implications for Shear Force Microscopy 

The shear force resolution, i.e., the smallest resolvable change in shear force acting 

on the probe, is determined by the MDD. The resolution is calculated using the measured 

MDD on resonance from Section 5.4 and the differential relation DFs= -(kIQair)DX Ifwe set 

DX equal to the MDD, 7x 10-3 ~{Hz, the shear force resolution is 0.3 pNrm/{Hz. 

The MDD also determines the probe-to-sample separation resolution. The separation 

resolution is the precision to which the separation h can be measured and regulated with a 

servo of high gain. That is, the gains G[ (jlJJ)GHV(jlJJ) and Gp (jlJJ)GHV(jlJJ) in Fig. 3-5 are 

much greater than unity, a condition satisfied in practice by the shear force servo. Under this 

condition, differential changes in the separation 011 and the probe dither amplitude DX are 

related by Dh=DXI!H(jlJJ)l, where H(jlJJ) is the servo measurement function described in 

Section 3.4. The magnitude !H(jlJJ)1 at lJJ=O is the slope of the approach curve in Fig. 5-1, 

and the differential relation above is illustrated graphically in the figure. Note that the slope 

depends on the separation h, and thus H(jlJJ) is a nonlinear transfer function. However, we 
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can consider H(j(J)) to be linear over a small range about a given set point. For a full-scale 

dither amplitudeXafr of5//211Il\nu the slope of the curve at a set point of 0.5 a.u. is 0.55. 

Ifwe again set t5X equal to the :MOD, the separation resolution is 1.3 x 1 0-2 ~/Hz. Recall 

that the :MOD was measured with the gain factor G.d maximized in Section 5.4. Therefore, 

the force resolution and separation resolution above represent the best possible performance. 

The force resolution and separation resolution are expressed above as densities per 

/Hz on resonance. However, one must consider the total noise bandwidth of the detection 

electronics to assess the performance of the shear force servo in operation. The time 

constant of lock-in amplifier #2 in Fig. 3-4 is typically 1 msec. (single-pole filter) which yields 

an equivalent noise bandwidth of500 Hz centered at the dither frequency (on resonance). 

In addition, we now consider the BDS system aligned for best stability, as described in 

Chapter 4, which is the configuration normally used in practice. The gain factor G.d is then 

five times smaller than the value considered in Section 5.4. Examination of Equation (5-13) 

reveals that the mean-square shot noise displacement is then increased by a factor of 25, 

while the thermal vibration noise remains unchanged. A theoretical calculation of the MDD 

for this lower gain case is plotted in Fig. 5-7. The MDD is mainly limited by shot noise to 

a value of 14.7x 10-3 Ami/Hz. This result implies that the operation of the BDS system with 

typical values of gain and noise bandwidth is not thermal vibration noise limited. (Recall that 

the results of Section 5.4 indicate that the theoretical model for the MDD closely predicts 

the actual experimental performance.) The total force resolution in the 500 Hz noise 

bandwidth is then calculated to be 12 pNI1\lI' This resolution is approximately 1 % of the 

range of shear force amplitude Fs shown in Fig. 5-4, which yields adequate performance. 
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Figure 5-7. Plot of the theoretical MDD for the BDS method around the probe1s first modal 
resonance with the system aligned for best stability but reduced gain. 

The total calculated separation resolution in the 500 Hz noise bandwidth is 0.6~. This 

resolution is approximately 1 % of the range of separation h shown in Fig. 5-1, which is 

adequate for good performance. 

Note that a distinction is made between the separation resolution discussed above and 

the height resolution of the topographic shear force image. Recall that the separation 

resolution is the precision to which the separation h can be measured and regulated. In 

contrast, the image height resolution is determined by the fluctuations of the servo response 

signal. That is, the shear force image is obtained by recording the servo response signal that 

is applied to the sample piezo actuator as shown in Figure 3-4. This signal includes 
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fluctuations due to both noise and random corrections to external vibrational disturbances. 

The sample piezo actuator thus perfonns corrective motions under servo control to maintain 

the probe-to-sample separation to the resolution specified above. The probe and sample 

move in unison as the system is subjected to disturbances. Therefore, the image height 

resolution is expected to be somewhat worse than the separation resolution. Indeed, the 

total image height resolution in the 500 Hz noise bandwidth has been measured at the probe's 

second modal resonance to be 5 Ams. The image height resolution is about eight times worse 

than the separation resolution, but the height resolution should be adequate for routine 

topographic imaging applications. 

In summary, this section presents calculations of the force resolution and separation 

resolution under two sets of conditions. Firstly, the resolutions are presented as spectral 

densities for the case of maximum gain, which represents the best possible performance. 

Secondly, the resolutions are presented as integrated values over the noise bandwidth with 

reduced gain, which represents typical operating performance. We conclude that the BDS 

method in conjunction with tapered fiber NSOM probes provides satisfactory shear force 

servo and imaging performance even though typical operation is not thermal vibration noise 

limited. 

5.6 Extension of Results to the Second Modal Resonance 

The frequency response measurements in Fig. 5-2 and the noise spectral density 

measurement in Fig. 5-6(a) are at the probe cantilever's first modal resonance. However, the 

shear force servo is normally operated at the probe's second modal resonance (or higher, if 
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permitted by the servo electronics) to obtain faster response, as described in Section 3.4. 

Therefore, extension of the previous results for shear force amplitude, force resolution, and 

separation resolution to the second modal resonance is of interest. 

A rigorous mechanical model of the cantilever must account for the fact that the 

cantilever has an infinite number of degrees of freedom. The infinite number is a 

consequence of the cantilever's distributed mass and elasticity. Each degree of freedom has 

an associated natural vibrational mode and natural frequency. The equation of motion of 

such a structure is a partial differential equation which can be solved for the natural modes 

and natural frequencies of the free oscillations. The equation of motion can also be solved 

for the case of forced vibration. However, the inclusion of damping in the equation is 

mathematically intractable [Stokey 1988]. Fortunately, the behavior of the structure in the 

neighborhood of one of its natural resonances can be modeled as a single degree-of-freedom 

system, as in Equation (5-1), with the inclusion of the appropriate effective mass m for the 

given mode. The spring constant k is the same for all modes. The damping coefficient is 

calculated from r ",,=k1 "'n Q"", where "'n is the undamped natural frequency of the nth mode. 

The total friction force amplitude acting on the probe cantilever for any mode is 

obtained by making the substitution r.jf=k/"'nQ.jfin Equation (5-10), which yields 

(5-15) 

Interestingly, the frequency dependence of the damping r.jfcancels that of the peak velocity 

V. Furthermore, Qalr for a tapered fiber probe cantilever is approximately the same for the 

first two modes. Therefore, for a given initial dither amplitude Xa/n the total friction force 



106 

is the same for the first and second modes. Similarly, the shear force is the same for the first 

two modes for corresponding values of the dither amplitude X, as can be seen from Equation 

(5-12). Figure 5-4 is thus representative of the shear force interaction at the probe's second 

modal resonance as well as at the first resonance. 

The MOD, force resolution, and separation resolution at the second modal resonance 

are predicted with the aid of Equations (5-13) and (5-14). We consider only the case for 

which the BDS system is aligned for best stability, as described in Section 5.5. Referring to 

Equation (5-13), the mean-square shot noise displacement is spectrally flat and has the same 

value as at the first modal resonance. Referring to Equation (5-14), the peak mean-square 

thermal vibration noise is reduced by approximately a factor offive because (c)2S115{c)/. The 

theoretical MOD at the second modal resonance is thus similar to Fig. 5-7 but with reduced 

thermal vibration noise, and the MDD is again dominated by shot noise to a value of 

14.7xlO-3 ~.fHz. Therefore, the total force resolution and total separation resolution in 

the 500 Hz noise bandwidth are the same at the first and second modal resonances, 12 pNnna 

and 0.6~, respectively. 

Finally, we make a few observations regarding the response delay of the probe 

cantilever. As described in Section 3.4, the response delay 21f1.1{c) is reduced at the second 

modal resonance because the resonance width Li{c) is about five times greater than at the first 

resonance. (Both (c)n and Li{c) increase proportionately so that Qllir is approximately constant.) 

The resonance width increases further as the probe-to-sample separation h decreases, as seen 

in Fig. 5-2. Therefore, a decrease of the servo set point, i.e., operating the probe closer to 

the sample, may result in a decrease of the probe's response delay and a corresponding 
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increase of the servo bandwidth. This result implies that one may actually scan the sample 

faster by reducing the separation h. However, the author has not confirmed this result 

experimentally. 

5.7 Summary and Conclusions 

The shear force interaction between the probe and sample is shown to be mainly a 

frictional damping effect most likely due to the contamination layer on the sample's surface. 

There may be a small force derivative effect as well. The friction force is experimentally 

quantified through the use of probe frequency response data and an analysis that models the 

probe cantilever as a single degree-of-freedom simple harmonic oscillator. The sensitivity 

of the BDS method for measuring resonance changes of tapered fiber NSOM probes is 

quantified through a combination of theoretical analysis and experimental measurement of 

the MDD. It is found that the system is not thermal vibration noise limited when the servo 

is operating with typical values of gain and noise bandwidth. However, the shot noise

limited force resolution and separation resolution are adequate for routine shear force 

imaging applications. 
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IMAGING OF SURFACE RELIEF GRATING STRUCTURES 

AND OPTICAL DATA STORAGE MEDIA 
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This chapter presents shear force and near-field images of a variety of surface relief 

grating structures and optical data storage media. The shear force images provide 

topographic maps of the sample surfaces. The near-field images demonstrate the various 

mechanisms that contribute to near-field contrast. 

6.1 Overview of Contrast Mechanisms 

Prior to presentation of the image data, we present a discussion of the physical 

mechanisms that generate contrast in both shear force and near-field imagery. 

6.1.1 Shear Force Imagery 

The shear force image is obtained by recording the response signal of the shear force 

servo, as described in Section 3.4. The signal is an approximation of the sample's surface 

topography because the signal represents a convolution of the true surface with the probe 

tip shape. The shear force interaction involves the point on the probe that most closely 

approaches the sample at a given scan position. If the sample topography is sharp and varies 

on a scale comparable to the size of the probe endface or smaller (several hundred 

nanometers), the point of closest approach changes over the course of a scan. Different 
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sections of the sample are then mapped by different points on the probe. This is the case for 

several of the images presented in this chapter. The spatially varying shear force interaction 

is the contrast mechanism for the shear force image. 

The probe tip would need to be infinitely sharp and narrow to produce a true image 

of the topography. Indeed, probes that have a sharp protrusion of the aluminum coating at 

their tip, i.e., a coating defect, yield higher quality shear force images than probes with a flat 

endface [Valaskovic et al. 1995b]. However, such probes usuaIIy produce lower quality 

near-field images because the protrusion increases the distance between the optical aperture 

and the surface thus degrading spatial resolution. In addition, a protrusion may introduce 

asymmetry in the source field distribution emanating from the aperture and lead to distortion 

and/or polarization-dependent anomalies in the near-field image [Betzig et al. 1992b]. 

Therefore, a flat circularly symmetric probe endface is preferred to obtain the best possible 

near-field image. 

6.1.2 Near-field Imagery 

Contrast in near-field imagery arises from a variety of mechanisms. Some 

mechanisms are similar to those seen with far-field microscopy but at higher resolution. 

Other mechanisms are unique to NSOM and result from near-field interactions between the 

probe's source field and the sample. These near-field mechanisms may provide additional 

sample information, but some of them are not understood theoretically at the present time. 

Image interpretation is further complicated by the fact that several mechanisms may be acting 

simultaneously for a given sample, and it is often difficult to distinguish the different effects. 
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Contrast mechanisms for transmission mode NSOM are depicted in Fig. 6-1 and are 

discussed individually below. 

The scattering of the probe's source field by the complex amplitude transmittance 

function of the sample, as described theoretically in Chapter 2, is a significant contributor to 

image contrast. Lateral variations of sample properties such as topography or refractive 

index modifY the amplitude and/or phase of the transmitted field. For example, Fig. 6-1(a) 

depicts an isolated edge in a homogeneous material that scatters the source field as the probe 

scans over it, but the transmitted signal returns to its original level when the probe is far past 

the edge. Figure 6-1(b) depicts a sample with a laterally varying (and possibly complex) 

refractive index. The source field is scattered by the index step, and the transmittance is 

determined by the local index when the probe is far from the step. Of course, a sample may 

contain variations of both topography and index. 

The detected signal is generally not a linear function of the sample transmittance 

because of near-field interactions between the probe's source field and the sample. One such 

interaction that contributes to image contrast is that the strength of the probe's source field 

is perturbed by the material composition of the sample. The sample's refractive index 

determines the boundary condition at the probe aperture, and thus determines the throughput 

of the taper region of the probe. Lateral changes in index, as in Fig. 6-1 (b), result in the 

coupling of more or less light out of the probe into the sample. That is, the NSOM probe 

does not provide constant illumination over the course of a scan. The resulting changes in 

the detected signal cannot simply be explained by changes in the Fresnel reflection and 

transmission coefficients at the sample boundaries or by changes in absorption. Index-
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dependent coupling effects have received limited theoretical investigation and are not well

understood [Novotny et al. 1994, Kann et al. 1995a]. However, dramatic examples of 

coupling effects are observed experimentally. Trautman et al. [1992] and Betzig and 

Trautman [1992] report that the coupling increases with increasing sample index for low 

index dielectrics, and the dependence is quite strong. They observe transmitted signal 

variations of approximately 2: 1 for an index change as small as 3%. Edges of conductive 

sample structures may also produce large enhancements in coupling [Trautman et al. 1992, 

Betzig et al. 1992b, Valaskovic et al. 1995b]. 

Other near-field interactions are associated with the probe-to-sample separation h. 

The instantaneous separation between the optical aperture and the surface may vary due to 

the sample topography or the servo response. Variations of h may result in changes in the 

detected signal that do not represent actual optical properties of the sample. Furthermore, 

these signal changes may occur over a very small spatial scale and give a false indication of 

lateral optical resolution. One such interaction results from the Fabry-Perot cavity that is 

formed between the probe endface and the sample. The paraxial propagating waves emitted 

by the aperture undergo multiple beam interference in the air gap between the probe and 

sample. A change in cavity length, i.e. separation h, of ;'12 corresponds to one Fabry-Perot 

fringe. Therefore, topographic variations as small as 100 nm can induce false contrast in the 

image if the probe cannot track the surface due to the finite width of the probe's endface. 

Figure 6-1(c) depicts such a situation. Fortunately, the fringe contrast is weak for low-index 

dielectrics, and this interaction is mainly a concern for highly reflective samples. This 

mechanism is referred to as a cavity effect in the discussions of the images below. 



112 

A second mechanism associated with the separation h, and with the sample's 

refractive index, is the conversion of evanescent wave components of the probe's source field 

to propagating waves in the sample substrate in a manner analogous to frustrated total 

internal reflection. The converted waves propagate at angles greater than the critical angle 

in the substrate, as depicted in Fig. 6-1(d). As sample index increases, higher spatial 

frequencies can propagate in the substrate and more evanescent components can be 

converted. As separation h increases, the strength of the converted waves decreases because 

of the exponential decay in amplitude of the evanescent waves in the air gap. Note that for 

a planar slab substrate, the converted waves are trapped by total internal reflection and do 

not influence the detected signal. This is the case for all samples discussed below. However, 

if a hemispherical substrate is used, the converted waves can be detected with a high 

numerical aperture collection geometry, and unique image contrast may occur [Hecht et al. 

1995]. 

Finally, there are several polarization effects that may contribute to contrast in 

transmission mode NSOM. Faraday rotation of the incident polarization through magneto

optic thin ftlms is reported by Betzig et al. [1992c]. Alteration of the polarization state 

caused by sample birefringence is reported by Vaez-Iravani and Toledo-Crow [1993]. The 

orientation of the incident electric field vector with respect to sample structures, such as the 

lines of a grating, also influences contrast. This interaction is a result of the boundary 

conditions at the sample interfaces. Metallic samples generally exhibit stronger polarization

dependent contrast effects because the boundary conditions require the electric field to be 

normal to the surface. This requirement can produce polarization rotation at the edges of 
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conductive structures [Betzig et al. 1992b]. Conversely, dielectric samples generally exhibit 

weaker polarization-dependent effects because the boundary conditions only require 

continuity of the tangential electric field at the interface. 

6.2 Surface Relief Grating Structures 

This section presents results of imaging studies of various surface relief grating 

structures of both dielectric and metallic composition. All the images in this section, as well 

as those in Section 6.3, were obtained with probes with 40 run diameter apertures. The outer 

diameter of the probe endface including the aluminum coating is thus approximately 200 run. 

The illuminating wavelength is 458 nm in all cases. The image resolution is 200x200 pixels 

unless otherwise noted. 

6.2.1 Ronchi Ruling 

The first sample imaged with our near-field microscope was a Ronchi ruling. This 

particular type of grating was chosen for its large index contrast in order to test the basic 

functionality of the instrument. The grating consists of chromium lines on a glass substrate. 

The chromium lines are 2.5 flffi wide, approximately 75 run thick, and are spaced on a 5 flm 

pitch. The probe-to-sample separation during imaging is estimated at 4 nm based on the 

approach curve data of Fig. 5-1. 

The shear force topography image of the Ronchi ruling is shown in the perspective 

view of Fig. 6-2(a). The fast scan axis is in the x direction perpendicular to the grating lines. 

Image acquisition time is 20 min. The rough irregular structure along the right edges of the 
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chromium lines is the true topography and is not an artifact of the shear force servo response. 

This roughness is observed separately with a conventional brightfield microscope and is a 

common fabrication error associated with the metallization liftoff process of commercial

grade Ronchi rulings. Note that there are also dislocated bits of chromium on the glass 

substrate between the metal lines, some as small as 100 nm across. The diagonal groove in 

the left-hand chromium line is a scratch. 

The corresponding near-field transmission image of the ruling is shown by the gray

scale representation of Fig. 6-2(b). The lighter regions of the figure correspond to higher 

transmitted intensity. The incident polarization is nominally linear and perpendicular to the 

grating lines, but the extinction ratio achievable at the output of this particular probe's 

aperture is only 11: 1 (in power), as measured in the far field. Therefore, there is a significant 

component of the incident electric field parallel to the grating lines. The edge roughness is 

expected to cause some amount of polarization rotation, and it is thus difficult to use an 

analyzer at the detector to obtain images associated solely with the perpendicular or parallel 

component in this case. Therefore, an analyzer was not used to obtain the image in Fig. 6-

2(b). 

The gross features of Fig. 6-2(b) are in accord with what one would expect for such 

a high contrast sample; transmission is high for the glass substrate regions and is essentially 

zero over the chromium lines due to absorption. However, there is a significant enhancement 

of transmission along the rough edges of the chromium lines and at the dislocated chromium 

bits on the substrate. These transmission hot spots are well-correlated with the jagged 

chromium features in Fig. 6-2(a). The peak signal in these regions is as much as 50% greater 
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than the average signal measured over the bare glass substrate. The signal increase is 

believed to be a near-field coupling effect in which the presence of the metallic sample 

actually enhances the optical throughput of the taper region of the probe under certain 

conditions. Note that the signal increase cannot be attributed to a polarization rotation 

because the detector is not polarization sensitive. Similar results are reported by Betzig et 

al. [1992b] and by Valaskovic et al. [1995b] for aluminum structures patterned on glass 

substrates, but the cause of the enhanced signal is not well-understood. The effect is 

consistently observed (in the above references) only when the incident polarization is 

perpendicular to a metallic edge, thus satisfying the boundary conditions at the edge, and 

somehow leading to increased throughput. This polarization requirement is clearly satisfied 

in the imaging of the Ronchi ruling, but the enhancement is not seen along the smoother left 

edges of the chromium lines. It appears that sharp topography changes, like those along the 

right edges and at the dislocated bits, are also required for the enhancement to occur. Such 

topography leads to the generation of large charge densities in the metal by virtue of the 

continuity equation [Kann 1995]. It is possible that these large charge densities are related 

to the increased throughput. 

Another possible explanation for the signal increase, although less likely, is plasmon 

excitation. Novotny et al. [1994] theoretically predict with a two-dimensional NSOM model 

an increase in signal when plasmons are generated by an incident electric field vector that is 

perpendicular to an edge of a subwavelength-sized metallic structure. However, plasmon 

excitation only occurs at a specific permittivity of the metal, for a given wavelength and 
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probe-sample geometry. Finally, it is unlikely that the signal increase is due to a cavity effect 

because the enhancement is not observed at both edges of the chromium lines. 

6.2.2 Dielectric Grating 

A dielectric grating was fabricated on the surface of a soda lime glass microscope 

slide via ion milling through a photoresist mask. The period of the grating is 600 nm, the 

duty cycle is approximately 50%, and the grooves are 300 nm deep. 

The shear force image is shown in Fig. 6-3 (a). The fast scan direction is along the 

x axis perpendicular to the grating lines. The image illustrates the difficulty of scanning over 

sharp topography and fine structures with a relatively blunt tapered fiber probe. Generally, 

the flat lands of the grating are mapped by the endface of the probe, and the left and right 

sidewalls of the grooves are mapped by the left and right edges of the probe tip, respectively. 

Scanning electron microscopy (SEM) imaging of the grating reveals that the lands 

and groove bottoms are flat, and that the sidewalls are not vertical but inclined. In addition, 

the sidewalls are textured, possibly due to roughness in the photoresist mask that is 

transferred to the substrate during the ion milling process. Most of these topographic 

features are represented in the shear force image. However, the probe is not able to 

completely track the surface profile in the grooves due to the finite width of the probe tip. 

The cusp-shaped minima in the image indicate that the probe does not reach the bottom of 

the grooves but becomes momentarily wedged between the sidewalls of the grooves. The 

depth of the minima is approximately 200 nm, which is 100 nm less than the known groove 

depth. Furthermore, there is an asymmetry in the groove profile in the shear force image that 
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is not seen in the SEM image. The asymmetry in the image is most likely caused by an 

asymmetric probe tip shape, such as a small protrusion of the aluminum coating. A 

protrusion on the right side of the probe tip would cause the stairstep feature on the left 

sidewall seen in the image. The image asymmetry is not due to some anomaly of the shear 

force selVO response, as was verified by collecting data in both left-to-right and right-to-Ieft 

scan directions. That is, reversing the direction of data acquisition does not reverse the 

orientation of the image asymmetry. 

The near-field image of the dielectric grating is shown in Fig. 6-3 (b). A line profile 

of the transmitted intensity perpendicular to the grating lines is also shown and is indicated 

by the fiducial in the gray-scale image. The incident polarization is nominally parallel to the 

grating lines, and the extinction ratio of the incident field is 16: 1. An analyzer is placed 

before the detector and is aligned with the incident polarization to obtain the image due 

solely to the parallel component. 

The dominant contrast mechanism apparent in Fig. 6-3(b) is the scattering of the 

incident field by the high spatial frequencies of the groove sidewalls. The transmitted signal 

is largest when the probe is centered over the flat lands. At this scan position the scattering 

is minimized, and the signal derives mainly from the propagating waves that emanate from 

the probe aperture, couple into the sample, and are collected by the objective. As the probe 

approaches a sidewall, the signal decreases continuously as the propagating waves are 

increasingly scattered out of the collection NA of the objective. Simultaneously, a portion 

of the evanescent waves from the aperture are scattered into propagating modes that are 

within the collection NA, as described in Chapter 2, but the net result is a decrease in the 
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total collected signal. The signal continues to decrease as the probe tracks down the 

sidewall. The signal then increases slightly to a local maximum when the probe is centered 

in the groove, because there is less scattering from the flat bottom of the groove. (Note that 

if the probe could reach the bottom, the scattering would again be minimized, and it is 

expected that this local maximum would be comparable to the signal peaks when the probe 

is centered on a land.) Finally, the local maximum is not symmetrically located between the 

signal peaks. This offset may be due to a probe tip coating protrusion as discussed above 

in relation to the shear force image. Another possible cause is that the aluminum coating 

thickness is not uniform around the probe tip, and thus the optical aperture is offset from the 

mechanical center of the tip. 

The contrast observed in Fig. 6-3(b) is not the result of optical coupling variations 

between the probe and sample because the index of the soda lime glass is spatially uniform. 

Nor is the contrast simply a cavity effect. It is true that the grating topography causes the 

gap between the optical aperture and the surface to vary considerably over the scan. 

However, the Fabry-Perot fringes observed in our NSOM microscope with a dielectric 

substrate of index 1.5 are low contrast and yield a signal variation of at most ±5%. This 

weak cavity effect cannot explain the peak-to-null signal variation of 5: 1 seen in the figure. 

A second near-field image was obtained with the incident polarization and analyzer 

set perpendicular to the grating lines. The image is nearly identical to that in Fig. 6-3 (b), but 

the peak-to-null signal variation is less, only 4:1. This reduction in contrast may be due to 

the asymmetry of the source field emanating from the probe aperture, as described in Chapter 

2. That is, the source field is slightly broader along the polarization axis, which would lead 
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to poorer resolution in that axis. In addition, there may be asymmetries of the source field 

caused by defects in the aluminum coating at the probe tip. Other than the contrast 

difference, the near-field images exhibit little sensitivity to the orientation of the incident 

polarization with respect to the dielectric grating lines, as expected. This lack of sensitivity 

is consistent with observations by Betzig et al. [1992b]. However, the contrast difference 

we observe is opposite to that seen by Valaskovic et al. [1995b] who report higher contrast 

along the polarization axis when scanning a planar array of282 nm diameter latex spheres. 

This discrepancy illustrates the sample-dependent nature of NSOM and the difficulty of 

interpreting near-field images. 

Finally, Fig. 6-3(c) shows a theoretical scan signal for the dielectric grating calculated 

with the rigorous electromagnetic finite-difference-time-domain model referred to in Chapter 

2 [Kann et al. 1995a]. The incident polarization is parallel to the grating lines. The 

theoretical result is in qualitative agreement with the experimental result of Fig. 6-3 (b), 

except that the peaks are broader, the local maxima are not evident, and the contrast is 

lower. The latter two differences are attributable to the fact that the theoretical scan is 

performed in the constant height mode, while the experimental scan is performed in the 

constant force mode, although the probe tracks the topography imperfectly, as discussed 

above. In the constant height mode, the optical aperture is farther from the groove sidewalls 

and bottoms than from the lands. The probe's source field thus diffi'acts more before 

interacting with the groove's structure, which results in poorer resolution and reduced 

contrast. A second theoretical scan with the incident polarization perpendicular to the 
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grating lines produces a result totally uncorrelated with the experimental scan. The cause 

of this discrepancy is not understood at the present time. 

6.2.3 Metal-clad Grating 

The dielectric grating described in Section 6.2.2 was sputter-coated with a 20 run 

layer of gold to study the effect of a conductive surface on the near-field images. It is 

expected that the image contrast is more sensitive to the· orientation of the incident 

polarization in this case. 

The shear force image is shown in Fig. 6-4(a). The fast scan direction is along the 

x axis perpendicular to the grating lines. The rough texture of the surface is caused by the 

grains of gold deposited during the sputtering process. The probe only descends 

approximately 40 run down into the grooves due to their reduced width caused by the 

coating. Therefore, the probe executes a nearly constant height scan over the grating. Note 

that the asymmetry of the groove profile has the form of a distinct stair step and is 

significantly worse than that seen in Fig. 6-3(a). It is believed that the probe tip is becoming 

increasingly contaminated through the accumulation of dust particles, leading to a more 

asymmetric tip shape. Progressive contamination ofNSOM probes exposed to air is known 

to occur in this manner and is likely due to electrostatic attraction [Valaskovic et al. 1995c]. 

It is unlikely that the groove asymmetry represents the true grating topography because the 

height and shape of the stair step change when imaging a different scan field only a few 

microns away. This observation is consistent with a particle that is loosely adhered to the 

probe tip. 
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The near-field images of the gold-coated grating are shown in Figs. 6-4(b) and (c) 

for the incident polarization nominally parallel and perpendicular to the grating lines, 

respectively. The extinction ratio of the incident field is 11: 1 and 31: 1 in the parallel and 

perpendicular cases, respectively. This difference indicates either an asymmetry of the 

optical aperture or a defect of the aluminum coating. An analyzer is placed before the 

detector and aligned with the incident polarization in both cases to minimize the influence of 

the orthogonal polarization in the images. 

The image in Fig. 6-4(b) is very similar to that for the dielectric grating in Fig. 6-3 (b). 

In general, imaging with the incident polarization parallel to the metallic grating lines does 

not appear to give rise to anomalous effects. The contrast is dominated by the scattering 

from the groove sidewalls, as discussed in Section 6.2.2. The local maxima are again 

apparent when the probe is centered over a groove, but the asymmetric positioning of the 

maxima is skewed in the opposite direction from that seen in Fig. 6-3(b). The peak-to-null 

signal variation is 3: 1, which is less than that observed for the dielectric grating. This 

reduction in contrast may be due to a cavity effect that is competing with the scattering 

mechanism. Cavity effects are more likely to occur in this scan because of the greater 

reflectivity of the gold coating. In addition, the probe cannot descend very far into the 

grooves, and cavity effects may result from the variations of the distance between the optical 

aperture and the surface. 

Anomalous effects do occur when the polarization is perpendicular to the grating 

lines, as seen in Fig. 6-4(c). The signal shows a strong enhancement (although still 

asymmetric in shape) when the probe is over a groove. This effect may be the same 
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throughput enhancement observed in the image of the Ronchi ruling in Fig. 6-2(b). The 

enhancement may be related to the generation of large charge densities at the sharp edges 

of the metallic grooves, as described in Section 6.2.1. Another possible explanation relates 

to the fact that the metal-clad grooves create a parallel plate waveguide. Such a narrow 

waveguide is cutoff for modes with polarization parallel to the plates, given the operating 

wavelength of 458 nm. However, there is no cutoff, and thus a correspondingly higher 

transmission, for the lowest order mode with polarization perpendicular to the plates 

[Novotny et al. 1994]. This higher transmission may explain the signal enhancement at the 

grooves of Fig. 6-4(c) relative to that of Fig. 6-4(b). Furthermore, the signal enhancement 

is consistent with images reported by Betzig et al. [1992b] of narrow slits in an aluminum 

film. The asymmetric shape of the signal enhancement is probably a result of the probe tip 

asymmetry observed in the shear force image of Fig. 6-4(a). 

6.3 Optical Data Storage Media 

The application ofNSOM technology to optical data storage is of current interest. 

NSOM may potentially serve as a characterization tool for storage media and as a means of 

achieving very high areal storage densities [Betzig et al. 1992c, Terris et al. 1994, Silva et 

al. 1994, Hoen et al. 1994, Fujihira et al. 1995, Safarov et al. 1995]. It is attractive to 

characterize optical storage media using the same modality in which the data writing and 

reading processes are performed, i.e., with light, as opposed to characterization by AFM or 

STM which measure nonoptica1 properties. In this section, near-field characterization of two 

example optical storage materials is presented. 
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6.3.1 Magneto-optical Disk Substrate 

Substrates for magneto-optical storage disks are fabricated by injection molding of 

polycarbonate. Two types of topographic features are created on the substrate's surface by 

the mold. Firstly, concentric grooves are molded on a 1.6 J.lm pitch to define the tracks 

along which data is written. These grooves form a circular surface relief grating that covers 

the entire disk. Secondly, preformatted data pits are formed in the tracks at the start of each 

sector for clock synchronization and sector identification. The molding process is known to 

induce birefringence in the polycarbonate material that varies with depth through the 

substrate, and the birefringence is greatest at the surfaces of the substrate [Wimberger-Friedl 

1990]. The birefringence produces aberrations in the focused read/write beam as it 

propagates through the substrate. In addition, birefringence may be induced by the local 

stress and structure of the grooves and pits. NSOM may be useful for characterizing these 

fine spatial variations of the birefringence. 

Figure 6-5(a) shows a shear force image of a section of a magneto-optical disk 

substrate containing both molded grooves and pits. No recording layer or protective coating 

has been deposited on the surface. The fast scan direction is along the x axis parallel to the 

tracks. The first scan line is through the middle of a pit, and two more pits and two grooves 

are visible in the image. The NSOM probe is narrow enough to reach the pit bottom, as 

evidenced by the flat profile in the first scan line, and the pit depth is 130 nm. The grooves 

are known to be 65 nm deep, and the probe appears to reach the groove bottoms, but the 

exact groove shape is not known in this case. The triangular groove profile seen in the image 

results from a convolution of the probe tip shape and the true groove shape, as is the case 
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for the grating images in Figs. 6-3(a) and 6-4(a). Random bits of contamination are visible 

on the surface, and these may be polycarbonate fragments left after the sample was cut from 

the 5.25 inch disk. There are also two shallow diagonal scratches on the surface. Finally, 

the step discontinuity near the right comer of the image is not a true topographic feature. 

Judging from the shear force servo response during the scan, it is believed that a particle 

became stuck between the probe and the surface, and then was expelled. The resulting 

sudden servo correction produced the false feature in the image. 

Figure 6-5(b) shows a corresponding near-field image of the disk substrate. The 

incident polarization is nominally parallel to the tracks, and an analyzer oriented parallel to 

the incident polarization is used at the detector. The extinction ratio of the incident field is 

16:1. Imaging with the orthogonal polarization produces an image nearly identical to that 

shown in the figure. There is considerable contrast in the image. The transmitted signal is 

low in the pits and grooves and is moderate in the land regions. The signal is enhanced at 

the edges of the lands and is significantly greater along the ridges separating the pits and 

grooves. 

The contrast is generated by a combination of topographic scattering and refractive 

index related coupling effects. It is possible to distinguish the two effects only over limited 

regions of the image. Consider first the vertical line scan profile iny. The disk substrate is 

topographically similar to the dielectric grating of Section 6.2.2 along this line, except that 

the lands are wider (approximately 1 Jlm versus 300 nm) and the grooves are shallower (65 

nm versus 300 nm). The signal exhibits a "baseline" level when the probe is over the flat land 

regions. As the probe approaches an edge of a land, the signal shows a significant increase. 
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The signal increase may be due to a local increase in the refractive index caused by stress in 

the polycarbonate associated with the sharp topography. An increase in index leads to 

enhanced near-field coupling, as described in Section 6.1.2. Alternatively, the signal increase 

may be due to scattering from the adjacent groove sidewall which initially results in an 

increase in propagating energy in the forward direction that is collected by the objective in 

the far field. Once the probe is over the groove sidewall, the scattering causes the signal to 

decrease in a manner similar to that seen for the dielectric grating in Fig. 6-3(b). Note that 

the groove sidewall constitutes a phase step object because the probe aperture cannot 

perfectly track the surface profile. The image of such an object is known to exhibit "ringing" 

when the object is scanned with a Type 1 nonconfocal far-field microscope if the illumination 

and collection numerical apertures are unequal [Schroder et al. 1995]. Transmission-mode 

NSOM is similar to a nonconfocal microscope, as discussed in Sections 2.1 and 2.2, in which 

the illumination aperture is much greater than the collection aperture. Therefore, it is entirely 

possible that the signal increase observed with the NSOM scan is a linear scattering effect. 

A theoretical near-field scan of a phase step object calculated with the aforementioned 

rigorous electromagnetic model [Kann 1995] exhibits ringing, but the signal increase is less 

than that observed in Fig. 6-5(b). However, the theoretical calculation does not exactly 

model the true geometric complexities of the experimental situation. Finally, the signal 

increase is not due to a shear force servo response anomaly, such as mistracking when 

scanning across the grooves, because the fast scan is along the direction ofthe grooves. In 

addition, the same image is obtained when the fast scan is perpendicular to the grooves. 
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Consider now the signal increase along the ridges separating the pits and grooves. 

The signal is even greater than along the edges of the lands, and the enhancement may be due 

to a further increase in refractive index owing to the greater surface stress in this region. 

Alternatively, we may consider the scattering argument above, and recognize that the ridge 

structure is equivalent to the land region if the width of the land is reduced to approximately 

300 nm. The signal enhancements at the two edges of the land then merge into one, resulting 

in greater scattering into the forward direction. This interpretation is consistent with a 

theoretical near-field scan ofan isolated 300 nm wide rib feature [Kann 1995]. Furthennore, 

if the scattering interpretation of the signal increase is accurate, then it may be applicable to 

the near-field image of the dielectric grating in Fig. 6-3 (b). That is, the lands of the grating 

are too narrow to observe enhancements at the individual edges, and the peak signal 

observed when the probe is centered on a land is presumably greater than that which would 

occur for a larger flat region of soda lime glass. 

Lastly, consider the horizontal line scan profile in x in Fig. 6-5(b). Again, the signal 

exhibits a baseline value in the land regions and an enhancement at the edges of the pit. The 

signal decreases due to scattering as the probe descends the sidewall of the pit. The signal 

then rises and plateaus at a local maximum as the probe scans the bottom of the pit, in a 

manner similar to the signal trace for the dielectric grating in Fig. 6-3 (b). However, the local 

maximum does not match the baseline level corresponding to the land regions even though 

the probe reaches the flat bottom of the pit. This signal difference should not be due to 

topographic effects because the sample is locally flat in these two regions, and scattering 

from neighboring sidewalls should not occur. It is believed that the signal difference is due 
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to a lower refractive index at the pit bottom versus the land, presumably caused by the stress 

birefringence. The lower refractive index results in less coupling of light from the probe into 

the sample, and hence a lower transmitted signal at the pit bottom. 

The near-field image of Fig. 6-5(b) in the region of the pits is similar to an image 

reported by Valaskovic et al. [1995b] of circular holes in a film ofpolymethylmethacrylate 

on a glass substrate. Narrow raised ridges are fonned in the film around the perimeter of the 

holes, and thus the holes are topographically similar to the pits in the disk substrate. In 

addition, the dimensions of the holes are comparable to those of the pits. Valaskovic et al. 

also observe an increase of the transmission NSOM signal when the probe is over the ridges, 

but they do not offer a plausible explanation for the effect, in the opinion of this author. 

6.3.2 Phase Change Media 

Phase change optical data storage is based on altering the phase of a recording layer 

from the amorphous to the crystalline state [Yamada et al. 1987]. The recording layer is 

typically an alloy material deposited as a thin film on a substrate. The phase change is 

accomplished by heating a spot on the amorphous film with a focused laser beam and 

controlling the cooling/annealing process to convert the spot to a crystalline mark. The 

reflectivity of the crystalline mark is higher than that of the surrounding amorphous film, and 

the data is read out by detecting reflectivity changes. The phase change process is reversible 

thus making the media rewritable. 

The phase change media sample characterized in this section was obtained from 

Eastman Kodak Corp. A schematic of the sample is shown in Fig. 6-6(a). The recording 
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material is an alloy of antimony, tin, and indium (SbSnIn). An 80 nrn thick film of the alloy 

is deposited in the amorphous state on a glass substrate by sputtering. The marks are 

believed to have a bowl-like shape in the volume of the film as a result of the thermal profile 

created by the laser irradiation. The refractive indices of the amorphous and crystalline states 

at 488 nrn are 3.0 + i3.28 and 1.59 + i3.94, respectively. 

A shear force image of a section of the sample is shown in Fig. 6-6(b). A square 

array of marks on 2 J.lm centers has been written on the sample with a laser beam focused by 

a far-field objective. Four marks are visible in the image. The irregular surface topography 

of the marks is believed to be their crystalline structure [Kay 1995]. The diameter of the 

marks is approximately 600 nrn, and the surface irregularity is approximately 8 nrn peak-to

peak. The amorphous regions of the film are quite flat (1 nrn peak-to-peak), with the 

exception of a few dust particles. The bright horizontal bands through the marks are an 

image processing artifact and not a raised region on the film. 

The phase change media is designed to operate in reflection. When examined with 

a conventional far-field microscope with brightfield illumination at 500X to 1000X, the 

marks appear as uniformly bright disks on a dim background, owing to their higher 

reflectivity. Of course, the marks are barely resolvable because of their size. Our NSOM 

microscope is only configured for transmission imaging, and we expect to see a decrease in 

the transmitted signal over the marks because the crystalline state has higher reflectivity and 

higher absorption than the amorphous state. In addition, the average transmission of the 

sample is very low (less than 1%) due to its conductivity, and the detected signal is on the 

order of 10 fW. Therefore, each pixel must be integrated for 100 msec to obtain a suitably 
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clean signal, and the image resolution is reduced to 1 OOx 100 pixels in order to acquire the 

image in a reasonable amount of time (33 minutes). 

The near-field image is shown in Fig. 6-6(c}. The probe-to-sample separation is 

maintained at approximately 4 nm during the scan. The incident polarization is nominally 

parallel to the y axis, and the extinction ratio of the incident field is 11: 1. An analyzer 

oriented parallel to the incident polarization is placed before the detector. The image exhibits 

very strong and very unexpected contrast. The contrast reversal at the center of the marks 

and the spatial scale over which contrast is observed are both remarkable. Referring to the 

line profile traces through the marks, the signal displays a baseline transmissivity in the 

amorphous regions. As the probe approaches a mark, the signal starts to increase when the 

probe is still 300 nm away from the edge of the mark (assuming that the diameter of the 

marks is 600 nm, based on the shear force image). This long-range influence may be due to 

surface currents generated in the film by the incident field. For conductive samples, such 

currents enable interaction of the source field emanating from the aperture with structures 

that are some distance from the aperture. The signal increase is most likely due to scattering 

of the field from the boundary between the amorphous and crystalline regions. A near-field 

coupling effect is less likely because the refractive index of the sample in the vicinity ofthe 

aperture has not changed. The signal then decreases and reaches a minimum when the probe 

is centered on the edge of the mark. The signal decrease may be due to the fact that the edge 

causes the scattered near-field distribution to have sharp spatial variations, and thus the 

scattered field's angular spectrum is more weighted toward the evanescent wave components. 

The strength of the paraxial propagating components, and thus the detected signal, is 
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reduced. Note that the signal decrease cannot be attributed to the higher reflectivity and 

higher absorption of the crystalline state because the probe is just at the edge of the mark. 

The signal then curiously increases to a maximum peak at the center of the mark that exceeds 

the baseline transmissivity of the amorphous region. This result is exactly opposite to what 

is expected based on the far-field microscopy observations discussed above and the 

imaginary parts of the indices of the two states. Note that the edge of the mark constitutes 

a strong phase step, and the step is 1.55 radians at the operating wavelength of 458 nm. 

Therefore, it appears that the image contrast in transmission is dominated by the ringing that 

arises from scanning a phase edge, as discussed in Section 6.3.1. That is, the difference 

between the real parts of the indices of the two states is the main factor that determines the 

scattered field distribution, not the difference between the imaginary parts. The line profile 

traces through the marks shown in Fig. 6-6(c) represent the sum of the ringing signals from 

the two closely spaced edges. Finally, it is unlikely that the signal increase at the center of 

the mark is due to a cavity effect associated with the change in reflectivity, because an 

increase in reflectivity should produce a decrease in transmission for a fixed cavity length. 

None of the contrast appears to be due to the mark topography because the circular 

symmetry of the near-field image is totally uncorrelated with the surface roughness seen in 

the shear force image. Nor is the contrast simply a thin film interference effect associated 

with the paraxial propagating plane wave components of the source field. A thin film 

calculation assuming a normally incident plane wave and a mark shape with an ellipsoidal 

boundary (like that shown in Fig. 6-6(a» indicates that the transmitted signal should decrease 

monotonically over the mark [Kann 1995]. Finally, the contrast does not appear to be 
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sensitive to the orientation of the incident polarization with respect to the edge of the mark 

even though the material is conductive, jUdging from the symmetry of the mark images. 

Note that the lower two mark images are slightly elongated in the axis of polarization, but 

the upper two images are more circular. Therefore, the elongation may be due to thermal 

drift of the instrument during the unusually long image acquisition time, and not due to a 

polarization effect. The elongation might also be due to asymmetry in the spot used to write 

the marks. 

Figure 6-6( d) shows a theoretical scan signal for a phase change mark calculated with 

the same rigorous electromagnetic model used for Fig. 6-3(c). The mark boundary is 

assumed to be ellipsoidal, and the incident polarization is parallel to the mark boundary. The 

width of the mark is only 200 run because of computational limitations on the modeling 

space, but the mark depth and :film thickness are 80 run. The theoretical scan shows excellent 

agreement with the experimental image. The signal is already increasing when the probe is 

300 run from the edge of the mark, and the signal minima occur almost exactly at the two 

mark edges. The signal enhancement at the perimeter of the mark is greater than for the 

experimental result, and the peak-to-null signal variation is higher as well (7: 1 versus 2.5: 1). 

These differences may be due to the use of a smaller mark width or an incorrect shape for 

the mark boundary in the theoretical calculation. 

Lastly, the imaging results of this section, although preliminary, have implications for 

near-field optical data storage, at least for phase change media. Firstly, the areal data density 

achievable is limited by the long-range influence of the mark on the detected signal. Even 

if an NSOM probe can be used to write marks smaller than say 100 run, the spacing between 
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marks may need to be significantly greater than the mark size to prevent signal interference. 

Secondly, the signal does not change in a simple manner as the probe scans a mark, which 

may complicate data readout. 

6.4 Conclusions and Summary 

This chapter has presented experimental images that demonstrate various optical 

contrast mechanisms that occur in transmission mode NSOM. A priori knowledge of the 

structure and material of the samples is used to aid image interpretation. However, 

determination of the contrast mechanisms that are active for a given sample is difficult even 

with this knowledge. The scattering of the probe's source field by lateral variations of 

topography and/or refractive index is present in all cases. Scattering is a linear function of 

the sample transmittance, as described in Chapter 2, and is often the dominant contrast 

mechanism. Nonlinear coupling mechanisms are also observed that arise from the near-field 

interaction of the source field and the sample. In the case of the magneto-optical disk 

substrate, the coupling appears to increase with increasing refractive index. In the cases of 

the Ronchi ruling and the metal-clad grating, the coupling increases when the incident 

polarization is perpendicular to the edge of a conductive structure. Conversely, the dielectric 

samples exhibit little sensitivity to the orientation of the incident polarization. Fabry-Perot 

cavity effects generally do not contribute to the contrast for the samples studied here. Nor 

does the shear force servo exhibit any anomalous behavior that would lead to variations of 

the probe-to-sample separation h and create artifacts in the optical images. Asymmetric 

probe tip defects are evident in some of the shear force images. Such defects may perturb 
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the probe's source field and may be the cause of asymmetries observed in the corresponding 

near-field images. 

Theoretically calculated scans are compared to the experimental near-field images for 

several samples. Agreement is good in the cases shown, but we do not obtain good 

agreement in many other instances. These examples illustrate the necessity and utility of 

rigorous electromagnetic models for predicting complex near-field probe-sample interactions. 

Further parallel development oftheoreticaI and experimental tools and techniques is required 

to provide definitive explanations of contrast mechanisms in near-field optics. 

Note that we have not attempted to quantifY lateral optical resolution in this work. 

Near-field interactions between the probe's source field and the sample generally render the 

contrast sample-dependent. Therefore, the determination of a universally applicable 

resolution specification is difficult and is an unresolved issue in NSOM [Betzig and Trautman 

1992]. It is possible to make an experimental assessment of resolution by scanning a feature 

with dimensions on the order of the aperture diameter or smaller that has been well 

characterized by another technique, such as SEM. However, none of the samples available 

to us contain such features. All of the probes used to obtain the preceding images have 

aperture diameters of 40 om, and the resolution is assumed to be comparable to the diameter 

for our purposes. 
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Figure 6-1. Depiction of various contrast mechanisms in transmission mode NSOM. (a) 
Scattering from lateral topographic variations. (b) Scattering from lateral refractive index 
variations. Figure (b) also illustrates index-dependent coupling effects. (c) Fabry-Perot 
cavity effect due to variations of the separation h. (d) Conversion of evanescent waves in 
the air gap to propagating waves in the substrate beyond the critical angle Dc. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

7.1 Summary of Dissertation 
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This dissertation has investigated mechanisms that influence shear force and near-field 

optical image formation in transmission-mode NSOM. In particular, the work has focused 

on the force interaction between the probe tip and the sample surface and on optical contrast 

mechanisms. The results of this work will hopefully advance the quantitative understanding 

ofNSOM imagery. 

The formation of the shear force topographic image is intimately related to the 

behavior and performance of the force sensing cantilever (i.e., the tapered fiber probe) and 

the optical system that senses cantilever motion (the BOS optics). These two components 

are part of the servo subsystem that regulates the probe-to-sample separation. This 

dissertation has presented the first extensive characterization of the cantilever behavior and 

the performance of the BOS method. A scalar diffiaction model of the BOS method is 

developed, and the gains MA and M J: are chosen as metrics for evaluating alignment tradeoff's 

of the optical system. Experimental measurements of the gainMA confirm the accuracy of 

the model. Alignments for maximum sensitivity and maximum stability are identified along 

with the optimum detector configurations. The shear force is shown to be almost purely 

frictional through measurements of the cantilever resonance at varying probe-to-sample 

separations h. A small shear force derivative component is possibly present as well. The 
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magnitude of the force is analytically derived from the resonance data. Limitations on the 

measurement of the force and on the performance of the shear force servo using the BDS 

detection method are then derived through theoretical and experimental analysis of the 

minimum detectable displacement. The MOD in tum determines the force resolution and the 

probe-to-sample separation resolution. The optical shot noise and the cantilever's thermal 

vibration noise are the significant noise contributions that limit the MOD. Maximum 

sensitivity is achieved in force microscopy when the MDD is thermal vibration noise limited, 

but it is found that the MOD of the BDS method is mainly limited by shot noise under typical 

operating conditions of noise bandwidth and gain MA• However, the force and separation 

resolutions indicate that the shear force servo provides adequate distance regulation for 

constant force-mode topographic mapping and near-field optical imaging. 

The formation of the near-field image is generally a more complicated process than 

for the shear force image, and several mechanisms may contribute simultaneously to the 

optical contrast. The contrast fundamentally arises from the linear scattering of the probe's 

source field by the complex transmittance of the object. However, other nonlinear coupling 

mechanisms arising from the sample-dependent boundary conditions at the probe's aperture 

are often superimposed on the linear scattering mechanism. In addition, there may be 

parasitic mechanisms associated with variations of the separation h, such as Fabry-Perot 

cavity effects, that arise from the inability of the probe to track the fine topography of the 

sample. 

This dissertation has presented a theoretical model that describes the linear scattering 

mechanism and the detection of the image signal in the far field. The model illustrates how 
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high-resolution imaging is achieved through the spatial mixing of the evanescent waves of 

the probe's source field with the subwavelength spatial frequencies of the object. An 

expression for the optical transfer function is derived, and calculations of relative contrast 

are presented for a variety of source field distributions and far-field collection numerical 

apertures. The transfer function calculated with the linear scattering model is in rough 

agreement with that calculated with a rigorous electromagnetic method. This result suggests 

that the simpler model can predict with some accuracy the contrast expected in actual 

experimental situations. 

Experimental near-field images have been presented that illustrate the contrast 

mechanisms described above. The linear scattering mechanism contributes to the contrast 

in all cases. The scattering is especially evident at sharp phase steps in the complex 

transmittance of the object, such as the mark edges of the phase change media sample and 

the topographic edges of the MO disk substrate sample. At these locations the signal 

exhibits strong ringing, which is characteristic of a phase step imaged by a far-field 

nonconfocal scanning microscope with unequal illumination and collection numerical 

apertures. 

Some images also exhibit optical coupling variations that depend on the boundary 

conditions imposed on the aperture by the particular sample structure. These variations in 

the amount of light coupled through the taper region of the probe result in nonlinear imaging 

behavior. Coupling variations appear to be present over some regions of the MO disk 

substrate, presumably due to local changes in the refractive index. The coupling is believed 

to increase with increasing index. Coupling-induced contrast can be distinguished in this case 
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because these regions are sufficiently isolated from topographic features that cause scattering 

contrast. Coupling enhancements also occur at sharp edges of conductive structures when 

the incident polarization is perpendicular to the edge. This enhancement is observed along 

the rough edges of the Ronchi ruling grating lines and along the grooves of the metal-clad 

grating. The boundary conditions for an ideal conductor require that the electric field be 

normal to the surface and that the tangential field vanish. Therefore, this condition is 

satisfied when the polarization of the probe's source field is perpendicular to a metallic edge. 

This situation appears to enable, and even enhance, the coupling of light out of the probe to 

a greater degree than if the polarization was parallel to a metallic edge or if the sample was 

a dielectric. This nonlinear coupling mechanism can be distinguished to some extent by 

scanning the sample twice with orthogonal polarization states, as was done for the metal-clad 

grating, and observing the differences between the two images. However, even in the 

absence of any nonlinear coupling effects, one would expect some differences between the 

two polarization states when imaging a metallic sample on account of the boundary 

conditions. (Note that other nonlinear contrast mechanisms are not as readily distinguished 

by imaging with orthogonal polarizations. For example, refractive index-dependent coupling 

and Fabry-Perot cavity effects are not generally polarization dependent.) 

In contrast, the boundary conditions for dielectric interfaces are less restrictive, and 

little difference is expected between images taken with orthogonal polarization states of 

dielectric samples. The main difference expected in this case is that the resolution may be 

slightly poorer along the polarization axis due to the slightly greater width of the probe's 
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source field. This relative lack of polarization sensitivity is observed in the images of the 

dielectric grating and the MO disk substrate. 

7.2 Suggestions for Future Work 

NSOM is still a relatively immature field, and many improvements in the technology 

are required before NSOM is accepted as a mainstream characterization tool. In this section 

we discuss potential improvements in probe design, possible studies for furthering the 

understanding of shear force and near-field optical probe-sample interactions, and potential 

application areas ofNSOM. 

Near-field probe technology is in need offurther development. The current class of 

tapered fiber probes represents an improvement over earlier designs, but the fabrication of 

these probes is a labor-intensive black art that lacks repeatability, especially with regard to 

the aluminum coating around the aperture. The development of a more controllable process, 

such as the lithographic techniques currently used in the fabrication of AFM probes, would 

greatly enhance aperture quality. NSOM is also plagued by low signal levels that limit image 

acquisition time and limit the utility ofNSOM in applications that require high power levels 

at the sample, such as data storage. Therefore, some means of circumventing the attenuation 

in the fiber's taper region is desirable. In addition, the resolution of aperture probes is 

ultimately limited by the penetration depth of the electric field in the aluminum coating (6.5 

nm), and there is no improvement in resolution as the aperture diameter shrinks below 

approximately 20 nm. 
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Several alternative near-field probe designs have been explored that address some of 

the issues discussed above. Plasmon probes consisting of a particle of silver or gold 

approximately 30 nm in size have received some attention. The particle is excited at its 

plasmon resonance in a Kretschmann configuration. The intense local field radiated by the 

particle increases the flux at the sample and may be used to enhance interactions with the 

surface, such as Raman scattering. The plasmon probe was first proposed conceptually by 

Wessel [1985], and first demonstrated experimentally by Fischer and Pohl [1989]. More 

recently, Silva et al. [1994] have used a plasmon probe for imaging magnetic domains in 

opaque films by detecting the Kerr rotation in reflection. Signal enhancement has also been 

obtained through the use of a fluorescent probe. Shalom et al. [1992] embedded dye 

molecules in the aperture of a hollow tapered micropipette probe, and the dye was excited 

by direct illumination with a laser, as opposed to being illuminated through the taper region. 

The intense fluorescence from the dye constitutes the probe's source field. This type of 

probe also offers the potential for increasing resolution to the molecular level if a single dye 

molecule can be isolated and manipulated at the end of a conventional tapered probe. 

Finally, lithographic techniques have been used to batch fabricate photo diodes with 

sub micron-sized sensitive areas for use as probes [Davis et al. 1995]. The photodiode is 

used as a near-field detector by scanning the device in direct proximity to the sample. 

The shear force interaction between the laterally dithered cantilever probe and the 

sample requires further investigation. This dissertation has shown that the force is largely 

frictional, but the role of contamination and water adsorption on the sample surface, and the 

resulting fluid dynamics, are not completely resolved. It is suggested that our shear force 
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characterization experiments be repeated under vacuum to see the effect of removing the 

surface contamination. In addition, performing the experiments under controlled variations 

of air pressure and humidity would serve to better characterize the force interaction. 

Considerable work remains to be done to fully characterize near-field optical contrast 

mechanisms. Firstly, the linear scattering model of Chapter 2 should be used to calculate 

images for the samples presented in Chapter 6. These calculations would permit one to 

distinguish which features in the experimental images are due to purely linear effects and 

which are due to nonlinear mechanisms. Secondly, the investigation of nonlinear mechanisms 

requires further parallel development of theoretical and experimental tools and techniques. 

One cannot yet directly measure the near-field distribution in and around the aperture/sample 

system, and measurements are limited to scattered signals in the far field. Therefore, 

rigorous electromagnetic models are required to study near-field phenomena. We have 

shown some agreement between experimental and theoretical modeling results in this 

dissertation for the dielectric grating and phase change media samples. However, in many 

instances the rigorous model fails to predict the experimental image, especially when 

coupling effects are present due to refractive index variations or metallic structures. The 

rigorous models must be improved so that they can accurately calculate near-field 

phenomena, such as variations in probe throughput due to changes in boundary conditions 

at the aperture, and reliably predict the actual far-field signals. A progression from two

dimensional to fully three-dimensional models, like that reported recently by Novotny et al. 

[1995], will hopefully improve the correlation between theoretical and experimental results. 
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Of course, experimentalists must also have access to precisely fabricated and well

characterized probes and samples to obtain reliable images. 

NSOM is a potential characterization tool for a variety of other applications in 

addition to the imaging of surfaces. In fact, some of these application areas may prove to 

be more fruitful for NSOM than basic imaging. Optical spectroscopy of semiconductor 

structures is one such area [Grober et al. 1994b]. NSOM provides a means of extending the 

spatial resolution of established spectroscopic techniques to locally probe the material 

composition of devices such as quantum wells and wires. Single molecule detection with 

enhanced sensitivity has been demonstrated with NSOM [Ambrose et al. 1993]. NSOM 

provides a means of reducing the excitation volume, and thus reducing the background 

signal, when measuring the fluorescence of isolated molecules in submonolayers prepared 

on a substrate. Characterization of optical waveguide devices on a subwavelength scale is 

of interest. Butler et al. [1994] used an aperture probe to map the near-field output of an 

optical fiber and infer the field distribution within the fiber. Choo et al. [1995] used PSTM 

to probe the evanescent field above a channel waveguide and deduce the local refractive 

index in the guide. In addition to characterization, NSOM may also be used as a fabrication 

tool to perform high-resolution opticailithography. Patterning in thin films of photoresist 

has been demonstrated by optical exposure [Froehlich et al. 1992] as well as by direct 

ablation of material [Shchemelinin et al. 1993]. Finally, there are several applications to 

optical data storage which have been referenced in Section 6.3. All these application areas 

deserve further study to determine whether NSOM is a viable tool for quantitative 



157 

characterization that can ultimately progress from the research domain to the mainstream of 

scanning probe microscopy. 
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APPENDIX: COMPUTER PROGRAMS FOR THE LINEAR SCATTERING 
MODEL AND THE BEAM DIFFRACTION SENSING MODEL 

This appendix contains the computer code modules used to generate the optical 
transfer function plots for the linear scattering model of image formation in Chapter 2. Also 
included are the modules used to generate the diffiaction patterns and gain plots for the 
model of the BDS method in Chapter 4, and the minimum detectable displacement plots in 
Chapter 5. All modules are written in the MATLABiI> numeric computation language. 

%MTFSG2D.m 
% This .m function file calculates the OTF in two dimensions using the linear scattering 
%model. The probe source field is described with the supergaussian function. 
%3/1/93 JLK 

function yy=mtf(D,NA, n, range) 
% function yy=mtf(D,NA,range,inc) 
% inputs: 
% D = full width of probe normalized to wavelength 
% NA = maximum NA of collecting aperture 
% n = order of supergaus function 
% range = range of alpha plot (corresponding to spatial frequencies) 
% inc = increment for alpha plot in terms of direction cosines 
clg 
num=256; 
gamma=zeros(num); 
space=zeros(num); 
alpha _ collected=zeros(num); 
a1pha=linspace(-12.8,12.8,num); 
for k=l:num; 

end; 

for 1=I:num; 

end; 

space I =alpha(k); 
space2=alpha(I); 
space=spacel+j*space2; 
gamma(k,I)=sqrt(l-real(space)."2-imag(space)."2); 
if abs(space )<=NA; 

a1pha_ coUected(k,I)= I; 
end; 

%alpha_ collected=«alpha<=NA)&(alpha>=-NA)); 
%hemi=( (alpha<= I )&( alpha>=-I)); 



yy=[]; 
axis([O 1 0 1]); 
axis; 
axis('normal') 
maxnorm=l; 
a=2.71828; 
r=D/2; 
cx=(r"n)nog( a); 
cy=cx; 
xmax=5; 
ymax=5; 
nx=n; 
ny=n; 
inc= 1/(2 *xmax); 
supg=sg2d(num,cx,cy,nx,ny,xmax,ymax); 
nshift=l; 
fsg=new:tR( supg); 
fsupg2=real(fsg); 
fsupgl=real(fsg); 
%keyboard 
for alphaO=O:inc:range; 

alpha 1 =alpha+alphaO; 
%sinc1 =D*sin(pi*D*alphal )'/(pi*alphal); 
%rect1 =real(new:tR(sinc 1»; 
alpha2=alpha-alphaO; 
%keyboard 
%fsum=fsupgl +fsupg2; 
As=.2S. *gamma. * conj (gamma). *fsupgl. *fsupg2; 
%field=abs(.5. *hemi. *gamma. *fsum); 
if alphaO-=O 

%axis([-1 1 -1 1]); 

%plot(alpha,alpha_collected,alpha,fsupgllmax(fsupgl),alpha,fsupg2/max(fsupg2» 
%,alpha,sinc 1/max(sinc 1» 

%subplot(211 ),plot( alpha,fsumlmax(fsum),alpha,alpha _collected); 
%grid; 
%title('Angular Spectrum & Collection NA'); 
%xlabel('alpha'); 
%axis([ -1 1 0 1]); 
%plot( alpha,field/max(field» 
%grid; 
%title('Field on a Hemisphere') 
%xlabel('alpha') 
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axis; 
axis('normal'); 
%hold off 
%alphaO 
%if alphaO=1 0; 

%keyboard 
%end; 

end %if 
%xlabel('NA') 
%title('Amplitude of Angular Spectrum, Tip Probe') 
ifalphaO=O 

maxnorm=max(As); 
%axis([-I 1 -1 1]); 
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%plot( alpha, AsImaxnorm, alpba, alpba _ collected,alpha,fsupg lImax(fsupg 1) 
,alpba,fsupg2/max(fsupg2» 

%grid; 
%axis; 
%axis('normal'); 
%limits=axis; 
%axis(limits ); 

end %if 
%text(O.15,0.8,['Bit period = I num2str(1I(alphaO+Ie-I5» I wavesl],'sc') 
%text(O.15,0.77,['D = I num2str(D) I wavesl],'sc') 
%text(O.15,0. 74, ['collection NA = I num2str(NA)],'sc') 
%text(O.55,0.7,'collection aperture I,'SCI) 

%ylabel('Relative Signal') 
%pause(.2) 
sigpow=sum(sum(As. * alpha _collected»; 
for pointer= 1 :num-nshift; 

fsupg1 (:,pointer)=fsupg1 (:,pointer+nshift); 
end; 
fsupg1(:,num+ 1-nshift:num)=zeros(I,nshift); 
fold2=fsupg2; 
for pointer=nshift+ 1 :num; 

fsupg2(:,pointer)=fold2(:,pointer-nshift); 
end· , 
fsupg2(:,1 :nshift)=zeros(:, I,nshift); 
%keyboard 
yy=[yy sigpow]; 

end %for 
yy=yy/yy(1 ); 
alphaO_vec=(0:inc:range)+Ie-I5; 
period _ vec=( alpbaO _vee); 



axis([O range -.5 1]); 
plot(period_ vec,yy) 
grid 
title('Transfer function') 
xiabel(Direction cosine') 

%SG2D.m 
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%Implementation of the so-called "Supergaussian." This.m function file creates a circle of 
%ones within the specified radius and filling zeros outside the radius. 
%5/26/91 JPT 

function yy = sg2d(N,cx,cy,LARGENUMX,LARGENUMY,xmax,ymax) 
%function yy = suprgaus(N,c,LARGENUM); 
% arguments: 
% N = size of square array 
% r = radius of circle in index units 
% The circle is centered in the middle of the array. 

%LARGENUM=75; 
%if(N/2-r < 1) 

%else 
%fprinttt'Please use a larger field size.\n'); 

i=l; 
j=l; 
yy=zeros(N); 
%xmax=2; 
for x=-xmax:(2*xmax)IN:xmax-«2*xmax)lN); 

j=l; 
i=i+l; 
end; 

for y=-ymax:(2*ymax)IN:ymax-«2*ymax)lN); 
a=exp(-(abs(x."LARGENUMX))/cx); 
b=exp(-(abs(y."LARGENUMY))/cy); 
yy(ij)=a. *b; 
j=j+l; 

end; 

%mesh(yy); 
end 
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%MTFSGA.m 
% This .m function file calculates the M1F in one dimension using the linear scattering model. 
% The probe source field is calculated with the rigorous FDTD model with TE polarization. 
%Any arbitrary field may be used by loading the appropriate .mat file. 
%8/20/95 JLK 

function yy=mtfsg(NA,range) 
% function yy=mtf(D,NA,range,inc) 
% inputs: 
% D = full width of probe normalized to wavelength 
% NA = maximum NA of collecting aperture 
% n = order of supergaus function 
% range = range of alpha plot (corresponding to spatial frequencies) 
% inc = increment for alpha plot in terms of direction cosines 
% zdist = dist past aperture to sample probe field (in om) 
%hold off 
%clg 
%load d:\ar2.mat 
load d:\te80.mat 
fsize=5000; 
pol='te'; 
n=1.474; 
num=1024; 
a1pha=linspace( -5 1.2,5 I.2,num); 
gamma=(lIn"2)*sqrt(n"2-a1pha."2); 
%gamma=sqrt(n"2-a1pha."2); 
a1pha_ collected=«a1pha<=NA)&(a1pha>=-NA»; 
hemi=( (alpha<= 1 )&( a1pha>=-I»; 
yy=[]; 
axis([O 1 0 1]); 
axis; 
axis('normal') 
maxnorm=I; 
%a=2.7I828; 
%r=D/2; 
%c==(r"n)/Iog( a); 
xmax=5; 
inc=1I(2*xmax); 
%supg=sg2(num,c,n,xmax); 
supg=zeros(I,fsize); 
ifpol='te' 
supg(fsize/2-250:fsize/2+249)=eym(50I:1000).*(cos(eyp(50I:1 000»+i.*sin(eyp(50I:IOO 
0»); 



elseif pol='tm' 
ex=exm(:,zdist+20). *( cos( exm(:,zdist+20))+i. *sin( exm(:,zdist+20))); 
ez=eznm(:,zdist+20). *(cos(eznm(:,zdist+20))+i. *sin(eznm(:,zdist+20))); 

end 
nshift=I' , 
fsgl=newffi:(supg); 
fsg=fsgl(fsize/2-5 12:fsize/2+5 I I); 
fsupg2=(fsg); 
fsupgl =(fsg); 
for alphaO=O:inc:range; 

if alphaO/5 I ound( alphaO/5) 
alphaO 

end 
alpha I =alpha+alphaO; 
%sinc I =D*sin(pi*D*alphal )'/(Pi * alpha I ); 
%rect1=real(newffi:(sincl)); 
alpha2=alpha-alphaO; 
%keyboard 
fsum=fsupg I +fsupg2; 
As=.25. *gamma. "'(gamma). *real(fsupgl. *conj(fsupg2)); 
%As=.25"'fsupgl. *fsupg2; 
field=abs(.5. "'hemi. "'gamma. *fsum); 
if alphaO-=O 

%axis([-I I -I I]); 
%plot(alpha,alpha_collected,alpha,fsupgl/max(fsupgl),alpha,fsupg2/max(fsupg2)) 
%,alpha,sincllmax(sincl)) 

%subplot(211 ),plot( alpha,fsumlmax(fsum),alpha,alpha _collected); 
%grid; 
%title('Angular Spectrum & Collection NA'); 
%xlabel('alpha'); 
%axis([ -I I 0 I]); 
%plot( alpha,field/max(field)) 
%grid; 
%title('Field on a Hemisphere') 
%xlabel('alpha') 
axIS; 

axis('normal'); 
%hold off 
%alphaO 
%if alphaO= 10; 

%keyboard 
%end; 

end %if 
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%xlabel('NA') 
%title('Amplitude of Angular Spectrum, Tip Probe') 
ifalphaO=O 

maxnorm=max(As); 
%axis([-1 1 -1 1]); 
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%plot( alpha, As/maxnorm, alpha, alpha _ collected,alpha,fsupg lImax(fsupg 1 ), alpha, fsupg2/ 
max(fsupg2)) 

%grid; 
%axis· , 
%axis('normal'); 
%limits=axis; 
%axis(limits ); 

end %if 
%text(O.IS,O.8,['Bit period =' num2str(lI(alphaO+le-lS))' waves'],'sc') 
%text(O.IS,O.77,['D =' num2str(D)' waves'],'sc') 
%text(O.IS,O.74,['collection NA = ' num2str(NA)],'sc') 
%text(O.SS,O.7,'collection aperture ','sc') 
%ylabel('Relative Signal') 
%pause(.2) 
sigpow=( sum( As. *alpha _collected)); 
for pointer=1 :num-nshift; 

fsupg 1 (pointer )=fsupg 1 (pointer+nshift); 
end; 
fsupg1 (num+l-nshift:num)=zeros(l,nshift); 
fold2=fsupg2; 
for pointer=nshift+ 1 :num; 

fsupg2(pointer )=fold2(pointer-nshlft); 
end; 
fsupg2(I:nshift)=zeros(l,nshift); 
%keyboard 
yy=[yy sigpow]; 
%keyboard 

end %for 
yy=yy/(yy(1 )); 
alphaO_vec=(O:inc:range)+le-lS; 
period _ vec=( alphaO _vee); 
axis([O range -.S 1]); 
plot(period_ vec,yy, 'hI) 
grid 
title{'Transfer function') 
xlabel('Direction cosine') 
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%SUPERG.m 
%This.m file computes and plots the supergaussian function in I-D. The input parameters 
%are the shape factor N, and the width parameter C. The range ofx is also specified. 
%8-20-95 FFF 

%Enter the parameters. 
N=25; %shape factor 
C=377.8e-30; %width parameter 
%Create x axis vector with k elements. 
k=800; 
xmin=-0.3; 
xmax=0.3; 
x=linspace(xmin,xmax,k); 
%Compute supergaussian vector. 
for i = I:k; 

SG(i)=exp( -( abs(x(i) )"N)/C); 
end %for 
%Plot the supergaussian 
figure(l) 
plot(x,SG) 
xlabel('distance from center, x (waves)') 
ylabel('source field strength sex)') 
%title(") 
axis([xmin xmax 0.0 1.0]) 

%MTIP.m 
%Master file for running tipservo.m. This.m file calculates the bicell detector output 
%currents IA and IB for a range of tip offsets, detector offsets, and defocus values. 
%11/3/93 TDM 

%define constants (MKS units) 
N=256; 
input_scaleJatio=(4e-3)112; 
maskwidth=5.1 e-6; 
taper= 19.2; 
laserwidth=3. 67 e-3; 
pupilwidth=3.35e-3; 
maxrange=O; 
numpoints= I; 
lambda=632.8e-9; 
defocus=-2e-4; 

%matrix size 
%0.333 mmlpixel at input pupil 
%width of tip at center of illuminating spot 
%full tip taper angle in degrees 
%laser lie amplitude radius in pupil 
%radius of circular pupil 
%max range of tip offset scan, +ve direction 
%number of tip offsets, 0.5 micron spacing 
%laser wavelength 
%[3e-42e-4 le-4 Oe-4 -le-4 -2e-4 -3e-4]; 
%defocus>O shifts tip away from lens 
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f=52e-3; %focallength 
d offset=O' - , 

d _sizefactor=2. 0; 

%-0.6e-3:-0.Ie-3:-I.Ie-3; %Oe-3:0.Ie-3: I.7e-3; 
%detector offset, >0 shifts detector right in lout matrix 
%ratio detector halfwidth/pupil radius 

%define parameter vector 
parms=zeros( 1,13); 
parms(l)=N; 
parms(2)=input _scale Jatio; 
parms(3 )=maskwidth; 
parms( 4)=taper; 
parms(5)=lase~dth; 
parms( 6)=pupilwidth; 
parms(7)=maxrange; 
parms(8)=numpoints; 
parms(9)=lambda; 
parms( II)=f; 
parms(I3)=d _ sizefactor; 

for deltaz=defocus; 
disp(['defocus =' num2str(deltaz*le6)' microns']) 
parms(IO)=deltaz; 
XX =zeros(length( d _offset ),numpoints); 
Y A=zeros(length( d _ offset),numpoints); 
YB=zeros(length( d _offset ),numpoints); 

%#rows=#of detector offsets. #cols=#of tip offsets. xx, Y A, YB are filled starting with 
%row 1, corresponding to first element ofd_offset. Elements of XX are tip offsets in m. 

ii=O; 
for detector offset=d offset; - -

ii=ii+ 1; 
disp(['detector offset =' num2str(detector_offset*Ie3) 'mm']) 
parms(I2)=detector _offset; 
[xx,ya,yb,Itip ]=tipservo(parms); 
XX(ii,: )=xx; 
Y A(ii,: )=ya; 
YB(ii,: )=yb; 

end %for 

if deltaz Oe-4 
save b:deIDx.mat XX YA YB d_offset d_sizefactor maxrange 

end %if 
if deltaz 1 e-4 



save b:deflOOx.mat XX YA YB d_offset d_sizefactor maxrange 
end %if 
if deltaz 2e-4 

save b:def200x.mat XX YA YB d_offset d_sizefactor maxrange 
end %if 
if deltaz 3 e-4 

save b:def300x.mat XX YA YB d_offset d_sizefactor maxrange 
end %if 
if deltaz -I e-4 

save b:def-IOOx.mat XX YA YB d_offset d_sizefactor maxrange 
end %if 
if deltaz -2e-4 

save b:def-200x.mat XX YA YB d_offset d_sizefactor maxrange 
end %if 
if deltaz -3e-4 

save b:def-300x.mat XX YA YB d_offset d_sizefactor maxrange 
end %if 

end %for 

%TIPSERVO.m 
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% This .m function file computes the field diffracted by the tip and the resultant bicell 
%detector currents. 
%11/3/93 TOM 

function [xx,ya,yb,Itip ]=tipservo(parms) 
% parms(l )=N matrix size 
% parms(2)=input_scale_ratio pixel sampling in entrance pupil 
% parms(3)=maskwidth width of tip at center 
% parms( 4)=taper tip full taper angle in degrees 
% parms(5)=laserwidth laser 1/e amplitude rad in pupil 
% parms(6)=pupilwidth radius of circular pupil 
% parms(7)=maxrange max range of scan, one direction 
% parms(8)=numpoints number of sample points in scan 
% parms(9)=lambda laser wavelength 
% parms(IO)=defocus defocus of tip 
% parms(ll)=f focal length of lens 
% parms(12)=detector_offset decenter of detector bicell 
% parms(13)=d_sizefactor ratio detector width/pupil diam 
% xx=tip offset scan vector 
% ya=detector signal from element a 
% yb=detector signal from element b 
% !!!!!!!!!!!! !!USE MKS UNITS!!!!!!!!!!!!!!! 
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%define control variables. 
DEBUG=I; %set to 1 to plot irradiances and tip mask and to create movie matrix M. 

%define constants (1v1KS units). 
N=panns(I); 
input_scale Jatio=panns(2); 
maskwidth=panns(3 ); 
taper=panns( 4); 
laserwidth=panns( 5); 
pupilwidth=parms(6); 
maxrange=parms(7); 
numpoints=panns(8); 
lambda=panns(9); 
defocus=panns(10); 
f=parms(ll); 
detector _ offset=panns(12); 
d _ sizefactor=panns( 13); 
%define skipvec, skipvec=96: 160, 65 pixels, for N=256. 
skipvec=3 "'N/8: 5 "'N/8; 

%generate laser field in pupil of lens. change laserwidth to pixel units. 
laserwidth=laserwidthlinput _scale_ratio; 
Ein=gaus(N,laserwidth,laserwidth); 
%truncate field at pupilwidth. 
Ein=Ein. "'suprgaus(N,pupilwidthlinput _scale Jatio); 
if DEBUG 1 

lin=Ein. "'Ein; 
figure(l) 
mesh(lin(skipvec,skipvec) ) 
colormap('default') 
title('Pupil Irradiance') 

end %if 

%form ABeD matrix for propagation to tip. defocus>O shifts tip away from lens. 
LO=f+defocus; 
Tl=[l LO;O 1]; 
R=[1 0;-1If 1]; 
abcdmat=Tl "'R; 

%propagate pupil field to tip plane. 
[Bout outscaling]=huygens(Ein,abcdmat,lambda,LO,input _scale_ratio); 
tip_scale _ratio=abs( outscaling(2)-outscaling(I»; 
clear Ein 



disp(['tip scale ratio' num2str(tip_scaleJatio*1e6) 'urn/pixel']) 
if DEBUG =1 

Iout=Eout. *conj(Eout); 
Itip=Iout; 
figure(2) 

% mesh(Iout) 
% mesh(Iout(O.25*N:O. 75*N,O.25*N:O. 75*N)) 

mesh(Iout( skipvec,skipvec)) 
% plot(1:65,Iout(129,skipvec)) 

title('Irradiance incident on tip') 
end %if 

%set up for movie. 
%ifDEBUG 1 
% figure(4) 
% M=moviein(numpoints); 
%end %if 
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%set up for loop that steps through tip offsets. generate tip mask matrix with zero shift. this 
%matrix will be shifted in the loop. check to see that matrix does not wrap back on itself at 
%maxrange tip offsetl 
maskwidth=maskwidthltip _scale Jatio; 
tipzero=maketip(N,maskwidth,taper); 
ii=O' , 
xx=[]; 
ya=[]; 
yb=[]; 
%define range vector. loop starts with -maxrange. 
range=linspace( -maxrange,maxrange,numpoints); 

for shift=round(range/tip _scale Jatio) 
ii=ii+ 1; 
disp(['tip shift number' num2str(ii)' pixel shift' num2str(shift) ]) 
%shift tipzero matrix. shift>O shifts tip right in matrix 
mask=shifttip( shift,tipzero); 
if DEBUG 1 

figure(1) 
% pcolor(mask(skipvec,skipvec)) 

pcolor(mask(1:5:256,1:5:256)) 
colormap(gray(2)) 
title('Tip mask') 

end %if 



%multiply mask and field incident on tip. 
Eout2=Eout. *mask; 
if DEBUG =1 

Iout=Eout2. *conj(Eout2); 
figure(3) 
pcolor(Iout( skipvec,skipvec» 
title(,Irradiance after mask') 

end %if 

%propagate field after tip to detector plane. first modify ABeD matrix. 
LO=f-defocus; 
T2=[1 LO;O I]; 
abcdmat=T2; 

%now propagate to detector plane. 
[Eout2, outscaling]=huygens(Eout2,abcdmat,lambda,LO, tip_scale _ratio); 
output_scale _ratio=abs( outscaling(2)-outscaling(I»; 
Iout=Eout2. *conj(Eout2); 
clear Eout2 
if DEBUG 1 

figure(4) 
% pcolor(lout(skipvec,skipvec» 

mesh(Iout(skipvec,skipvec» 
% contour(Iout(skipvec,skipvec» 

title('Far-field irradiance') 
% M(:,ii)=getframe; 

end %if 
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%calculate detector offset in pixel units. d_o>O shifts detector right within lout 
%matrix. Note: 52mm111.7mm=4.44=2.23*d_sizefactor(=2). 
d _0=2.23 *d _ sizefactor*detector _offset/output_scale _ratio; 
%calculate detector halfwidth in pixel units. 
d _ w=d _ sizefactor*pupilwidthl outpucscale Jatio; 

%calculate detector boundaries and coarse matrices, IA and lB. 
XAlow=round(N/2+ 1 +d_ o-d_ w)-I; 
XAhigh=round(N/2+ 1 +d _0)+ I; 
XAvec=XAlow:XAhigh; 
Y Alow=round(N/2+ I-d _ w)-I; 
Y Ahigh=round(N/2+ 1 +d _ w)+ I; 
YAvec=Y Alow:Y Ahigh; 
IA=lout(YAvec,XAvec); 



XBlow=round(N/2+ 1 +d _0)-1 ~ 
XBhigh=round(N/2+ 1 +d _ o+d _ w)+ 1 ~ 
XBvec=XBlow:XBhigh~ 

YBlow=Y Alow~ 
YBhigh=Y Ahigh~ 
YBvec=YBlow: YBhigh~ 
IB=Iout(YBvec,XBvec)~ 

% clear lout 

%interpolate to find finely sampled detector matrices. 
XAIvec=linspace(XAlow,XAhigh, 101); 
Y AIvec=linspace(Y Alow, Y Ahigh, 101); 
[XAI, Y AI]=meshgrid(XAIvec, Y AIvec); 
XBlvec=linspace(XBlow,XBhigh, 101); 
YBlvec=linspace(YBlow, YBhigh, 101); 
[XBI, YBI]=meshgrid(XBlvec, YBlvec); 
ZAI=interp2(XAvec, YAvec',IA,XAI, Y AI); 
ZBI=interp2(XBvec, YBvec',IB,XBI, YBI); 

%calculate detector signals. 
pix_area=(XBlvec(2)-XBlvec(1»*(YBlvec(2)-YBlvec(1»; 
XAindx=find(XAIvec>=(N/2+ 1 +d _ o-d_ w) & XAIvec<=(N/2+ 1 +d _ 0»; 
YAindx=find(YAIvec>=(N/2+1-d_w) & YAIvec<=(N/2+1+d_w»; 
XBindx=find(XBlvec>(N/2+ 1 +d_ 0) & XBlvec<=(N/2+ 1 +d_ o+d _ w»; 
YBindx=find(YBlvec>=(N/2+1-d_w) & YBlvec<=(N/2+1+d_w»; 
ZAI2=ZAI(XAindx, Y Aindx)~ 
ZBI2=ZBI(XBindx, YBindx); 
Asig=sum(sum(ZAI2»*pix _area; 
B sig=sum(sum(ZBI2»* pix_ area~ 

ya=[ya Asig]; 
yb=[yb Bsig]~ 
xx=[xx tip_scaleJatio*shift]; 
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%xx vector is just a recreation of the range vector, rounded to the nearest pixel. 
%elements are in m. 

% disp(['Asig=' nUm2str(Asig)]) 
% disp(['Bsig=' num2str(Bsig) ]) 

end %for 
disp(['output scale ratio' num2str(output_scaleJatio*le3}' mm/pixel']) 



%playmovie 
%ifDEBUG 1 
% movie(M,IO,3) 
%end %if 

%GAUS.m 
%This .m function file creates a Gaussian bell-shaped distribution on the square array. 
%6/06/90 JPT 

function yy = gaus(N,x,y) 
% arguments: 
% N = size of square array. 
% x = 1/e radius in pixel units in x direction. 
% y = 1/e radius in pixel units in y direction. 
% Scaling from x to b: 
% 1/e = (exp( -1/2 * (xIb)"2» 
% Solving for b gives: 
% b = x / sqrt(2) 

b=xlsqrt(2); 
if(nargin < 3) 

d=b; 
else 

d=y/sqrt(2); 
end 
[zx, zy ]=meshdom« -N/2)1b: IIb:(N/2-1 )Ib,( -N/2+ 1 )/d: I/d:(N/2)/d); 
out! =exp« -.5). *zx."2); 
out2=exp« -.5). *zy."2); 
yy=outl. *out2; 

%SUPRGAUS.m 
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%Implementation of the so-called "Supergaussian." This.m function file creates a circle of 
%ones within the specified radius and filling zeros outside the radius. 
%5/26/91 JPT 

function yy = suprgaus(N,r,ox,oy,LARGENUM) 
% arguments: 
% N = size of square array 
% r = radius of circle in index units 
% ox = offset in x direction (pixels) (optional) 
% oy = offset in y direction (pixels) (optional) 



% LARGENUM = coefficient in supergauss (optional) 

ifnargin<5 
LARGENUM=75; 

end %if 
ifnargin 2 

ox=o; 
oy=o; 

end %if 

if{ceil(N/2-r) < 1) 

else 

end 

fprintf{'Please use a larger field size. \n'); 

xvec=-N/2:N/2-1; 
xline=xvec + ox*ones(l,N); 
yvec=-N/2:N/2-1; 
yline=yvec + oy*ones(l,N); 
xeval=exp( -«xline. *xline )/r"2)."LARGENUM); 
yeval=exp( -( (yline. *yline )/r"2)."LARGENUM); 
xindx=find(xeval>eps ); 
xsize=length(xindx); 
yindx=find(yeval>eps ); 
ysize=length(yindx); 
yy=zeros(xsize,ysize ); 
[xplane, yplane ]=meshdom(xvec(xindx),yvec(yindx»; 
xplane=x:plane+ox*ones(xsize,ysize ); 
yplane=yplane+oy* ones(xsize,ysize); 
yy=exp( -«xplane."2 + yplane."2)'/r"2)."LARGENUM ); 
junk=zeros(N); 
junk(xindx,yindx)=yy; 
yy=junk; 

clear xplane yplane junk 

%HUYGENS.m 
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% This .m function file performs the ideal diffiaction mapping from plane u 1 to plane u2 by 
%evaluating the Huygen-Fresnel integral and using the ABeD matrix. 
%See A. Siegman "Lasers" p.777-782, esp. bottom ofp. 781. 
%5/31191 JPT 

function [u2,outscaling] = huygens(u 1 ,abcdmat,lambda,LO,input _scale Jatio) 
% arguments: 
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% ul = input field. NOTE! Assumed to be a square matrix! 
% abcdmat= ABCD paraxial system desciptor matrix 
% lamda = wavelength of light 
% LO = sum(length propagated*index of media) 
% input_scale_ratio = distance/pixel ratio 
% Ex) Physical pupil radius in physical units divided by # matrix elements 
% in pupil radius, e.g., 4e-3116 -> 4mm pupil radiusl16 matrix elements 
% in radius 
% Output arguments: 
% u2 = output field in phasor notation (amplitude & phase) 
% outscaling = vector containing sample position in the transform plane 

% Calculate input power 
%i=datadet( u 1,1 ,input_scale Jatio); 
%disp(['Input Power in Huygens.m in Watts =' num2str(i)]) 
in-power=sum(sum(ul. * conj (u 1))); 

% get size of matrix 
[fieldsz temp]=size(ul); 

% define A, B, D 
A=abcdmat(l,l); 
B=abcdmat(I,2); 
D=abcdmat(2,2); 

k=2 *pi/lambda; 
dxl =input_scale _ratio; 
dxO=lambda *B/(fieldsz*dx 1); 
x= 1 :fieldsz; 
xa=x-(fieldszl2+ 1); 
outscaling=dxO*xa; 
inscaling=dx 1 *xa; 
convfactor=dxO; 
vv=ones(fieldsz, 1); 
xsl =vv*inscaling; 
ysl=xsl'; 
inside_transform=ul. *exp( -j *pil(B * lambda) * A *«xsl.1\2)+(ysl.1\2))); 
tform=newfR2(inside _transform); 
xs2=vv*outscaling; 
ys2=xs2'; 
u2= exp( -j*k*LO)*j/(B*lambda)*exp( -j*pil(B *lambda)*D*«xs2.1\2)+(ys2.1\2))); 
u2= u2. *tform; 



% Scale for correct power output 
outyower=sum(sum(u2. *conj(u2»); 
output_scale Jatio=abs( outscaling(1 )-outscaling(2»; 
u2=u2 * sqrt(in yower/out yower) * (input _scale Jati%utput _scale Jatio); 

% Calculate output power (It's the same total power as input) 
%i=datadet(u2,I,output_scaleJatio); 
%disp(['Output power in Huygens.m in Watts =' num2str(i)]); 

%MAKETIP.m 
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%This.m function file creates a matrix that simulates an opaque tip with width "maskwidth" 
%at the center and full cone angle of "taper. " 
% 11/1/93 TOM 

function yy=maketip(N,maskwidth,taper) 
taper=taper*pilI80; %change to radians 
mask=ones(N,N); 
refvec=linspace( -N/2,N/2,N); 
[xx, YY]=meshdom(refvec,refvec); 
%define left half of mask 
leftmask=(YY <=(2/taper) * (XX +maskwidthl2»; 
%define right half of mask 
rightmask=(YY <=( -2/taper) * (XX-maskwidthl2) ); 
%combine masks 
yy=-(rightmask&leftmask); 

%SHIFTTIP.m 
%This .m function file takes a matrix "tipzero" and shifts the values to the right along x the 
%amount "shift." The shift is rotational with respect to the matrix values, that is, the 
%displaced columns are replaced at the beginning of the matrix. If a negative value of "shift" 
%entered, the matrix rotates to the left. 
%1111/93 TOM 

function yy=shifttip(shift, tipzero) 
%find size of input matrix 
[nrows, ncols]=size(tipzero); 

ifshift>=O 
%store columns 
colindex=(ncols+ I-shift):ncols; 
temp=tipzero(:,colindex); 



%shift matrix 
yy=zeros(nrows,ncols ); 
yy(:,(shift+ 1 ):ncols)=tipzero(:, 1 : (ncols-shift»; 
yy(:, 1 :shift)=temp; 

elseif shift<O 

else 

shift=-shift; 
%store columns 
colindex=1 : shift; 
temp=tipzero( :,colindex); 
%shift matrix 
yy=zeros(nrows,ncols ); 
yy(:, 1 : (ncols-shift»=tipzero(:,(shift+ 1):ncols); 
yy(:,(ncols+l-shift):ncols)=temp; 

disp('incorrect shift parameter entered') 
end %if 

%SLOPE.m 
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% This .m file calculates and plots the differential and sum outputs and their corresponding 
%gains, M, i.e., slopes, from the output current matrices of the two bicell detector halves, 
% Y A and YB. The corresponding gain factors, G, may also be calculated. The individual 
%gains for Y A and YB, and their ratio and phase, may also be calculated. 
%3-23-94 FFF 

%Compute the differential and sum outputs and interpolate with 0.1 micron spacing. XX 
%elements are in meters and spaced 0.5 micron. XX endpoints not exactly = +/-maxrange 
%due to tipservo.m code. XXint elements are in microns and spaced 0.1 micron. 
DO = YA-YB; 
SO=YA+YB; 
XXint = -maxrange*le6:0.1:maxrange*le6; 

k = size(xx, 1); 
for m = l:k; 

DOint(m,:) = spline(XX(m,:)*le6, DO(m,:), XXint); 
SOint(m,:) = spline(XX(m,:)*le6, SO(m,:), XXint); 

% YAint(m,:) = spline(XX(m,:)*le6, YA(m,:), XXint); 
% YBint(m,:) = spline(XX(m,:)*le6, YB(m,:), XXint); 
end %for 

%Compute the x increment in microns, loop index, and shorter XXint vector. 
deltax = (maxrange*le6*2)/(length(XXint)-I); 
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p = length(XXint)-l; 
XXint2 = linspace(-maxrange*le6,maxrange*le6,p); 

%Compute slopes, gain factors, and changes in signals on the bicell halves between pairs of 
%points. 
for n = l:p; 

MD(:,n) = (DOint(:,n+l)-DOint(:,n»/deltax; 
MS(:,n) = (SOint(:,n+ l)-SOint(:,n»/deltax; 

% GD(:,n) = MD(:,n).lSOint(:,n); 
% GS(:,n) = MS(:,n)'/SOint(:,n); 
% MA(:,n) = (YAint(:,n+1)-YAint(:,n»/deltax; 
% MB(:,n) = (YBint(:,n+1)-YBint(:,n»/deltax; 
end %for 

%Compute ratio and phase between signals on bicell halves. 
%ratio = MA./MB; 
%a_ratio = abs(ratio); 
%phs = (sign(ratio)-1)*pi/(-2); 

% The following plot commands plot the rows of the matrices vs. the vectors XXint or 
%XXint2. The first row is plotted yellow, then magenta, cyan, red, green, blue. 
%plot differential gain 
figure(l) 
plot(XXint2,MD) 
%plot sum gain 
figure(2) 
plot(XXint2,MS) 
%plot differential output 
figure(3) 
plot(XXint,DOint) 
%plot sum output 
%figure(4) 
%plot(XXint,SOint) 
%plot differential gain factor 
%figure(5) 
%plot(XXint2, GD) 
%plot sum gain factor 
%figure(6) 
%plot(XXint2,GS) 
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%MODPLT.m 
% This .m file computes and plots the minimum detectable displacement for the BDS method. 
%The noise tenns are shot and thermal vibration only. The bandwidth is 1 Hz and the SIN 
%is 1. 
%7-21-95 FFF 

%Enter the parameters. 
fo=16.94; %natural frequency in kHz 
Qeif=290; %effective quality factor 
KB=1.38E-23; %Boltzman's constant in IlKelvin 
T=300; %absolute temperature in Kelvin 
k=80; %spring constant in N/m 
e=1.6E-19; %electron charge in Coulombs 
R=0.33; %photodiode responsivity in AIW 
P= 186E-6; %power on detector in W 
G=49.2E3; %gain factor in 11m 

%Create frequency axis vector with n elements. 
n=800; 
finin=16.6; %in kHz 
finax=17.2; %in kHz 
f=linspace(finin,finax,n); 

%Compute MOD vector. 
fori = l:n; 
%First compute lineshape for thermal noise at freq f{i). 

LS(i)=lIsqrt«Qeff*(I-(f{i)/fo )"2))"2+(f{i)/fo )"2); 
%Now compute MDD (in meters) at frequency f{i). 

MOD(i)=sqrt(2*e/(R *P*G"2)+4*KB*T*Qeffl(k*6.28*fo* lE3)*LS(i)"2); 
%Convert from meters to angstroms* lE3. 

MODA(i)=MOD(i)* lE13; 
end %for 

%Plot the MOD. 
figure(l) 
plot(f,MODA) 
xlabel('frequency (kHz)') 
ylabel('MOD (IE-3* Angstroms,rms/root Hz)') 
titIe('Theoretical MOD ofBDS method, low gain') 
axis([finin finax 0.0 20]) 
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