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We have designed and constructed a novel Raman near- field scanning optical 

microscope (NSOM) and evaluated its performance characteristics with the goal of 

characterizing the strain in nanoscopic silicon structures.  The Raman NSOM was built 

around a commercial Raman microscope to which a custom built stage was added to 

provide precise control over the tip position above the sample (z) using shear- force 

microscopy feedback as well as sample scanning in the x-y plane.  The motion control 

axes were calibrated to better than 1 nm in z and approximately 20 nm in x and y.  The 

NSOM provides both topographical images and Raman mapping with a lateral spectral 

resolution of 150-300 nm.  The experiments described herein were enabled by gold-

coated chemically etched NSOM tips with aperture diameters ranging between 60 and 

150 nm. The sensitivity of the instrument was demonstrated by the high signal-to-noise 

ratios observed for Raman scattering by diamond and silicon in reflection mode. Spatial 

resolution and spectral sensitivity were demonstrated by obtaining well-resolved tip-
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sample separation curves that provide an accurate estimate of tip aperture size during an 

experiment.    
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Chapter 1: Introduction and Overview 

SILICON TECHNOLOGY 

Technological progress in semiconductor research has been a self- fulfilling 

prophecy since 1965, when Gordon Moore laid out the projected goals for transistor 

development in the near future for Intel manufacturing.  He projected that the number of 

transistors that could fit into an integrated circuit of a given size would double every two 

years, in a brief article he wrote based on his analysis of production trends over a number 

of years. [1]  His extrapolation was initially intended to be the target for the next five to 

ten years of manufacturing, but the density of transistors has continued to scale 

geometrically with time up to the present.  This means that the linear dimensions of 

cutting edge transistors have shrunk by a factor of 0.7X every two years since Moore 

made his prediction; this scaling factor doubles the number of transistors per unit area in 

an integrated circuit.  With each successive technology node some of the physical 

properties associated with these length scales are also reduced by a factor of 0.7X. [2]    

Reducing the lateral dimensions and oxide thickness by 0.7X per node has reduced the 

capacitance of transistors.  Reducing the capacitance while holding the resistivity of the 

component structures constant yields lower switching times for each transistor due to the 

reduction of the RC time constant.  Reduction of RC only yields a moderate increase in 

switching time in modern transistors because the scaling reduction in capacitance is 

limited by the interconnection capacitance of the overall integrated circuit. 

A MOSFET comprises two electrodes connected by a semiconductor channel 

with a third electrode, the gate, sitting on top of the channel but isolated by a very thin 

layer of a dielectric material as shown in Figure 1.1.  The first two electrodes are the 

source and the drain, the origin and the destination respectively, of the electrical current 

that is being regulated by the MOSFET.  The current through the channel is controlled by 

the voltage applied to the gate electrode.  The gate electrode, the dielectric, and the 
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channel material give the MOSFET its name, metal-oxide-semiconductor field-effect 

transistor.  The dielectric that is sandwiched between the gate electrode and the channel 

prevents current from flowing into the channel from the gate but allows the electric field 

generated by charge at the electrode to influence the charge carriers in the channel.  In a 

MOSFET the gate electrode, oxide insulator, and channel are typically oriented parallel 

to the surface of the wafer, and the electric field created by charge at the gate is referred 

to as vertical field because it is oriented normal to the surface of the wafer and orthogonal 

to the current flow through the channel.  The strength of the vertical field created by the  

gate electrode regulates charge carrier flow through the channel by pushing charge 

carriers of opposite type from the source and drain away from the interface between the 

channel and the layer of dielectric.  This charge carrier movement produces an inversion 

layer of the same type as the source and drain at the dielectric-channel interface, thereby 

allowing current to flow through the channel for the duration of, and in proportion to, the 

field that is generated by the gate electrode. 

Improvements in performance due to scaling have been largely centered on 

silicon technology.  Effectively scaling silicon transistors has been dependent on the 

development of nanoscale lithography and other processing techniques that allow device 

structures to be patterned on length scales of tens of nanometers, see Figure 1.2.  The 

structural design of the transistor, the MOSFET, and the basic choice of starting material, 

silicon, have changed very little over time. 
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Figure 1.1:  Cross-section view of a generic transistor.  A) A schematic of a MOSFET 
that depicts the Si-Ge alloy layer that creates strain in the silicon channel.  
B) Schematic of a MOSFET depicting its function in the “On” state.  The 
potential on the gate electrode creates an inversion layer that allows charge 
to flow through the channel from the source to the drain. 

As semiconductor technology advances, the shrinking dimensions of MOSFET 

channels create problems as the number of atoms between source and drain electrodes 

become more susceptible to dopant impurities and the electric field generated by the gate 

electrode. [4,5]  These two factors reduce the carrier mobility through the channel which 

can lead to velocity saturation or limited drive current while the transistor is in the “ON” 

state.  Inducing strain in the silicon lattice of the channel is an attractive means of 

increasing carrier mobilities as an alternative to doping.  Physically straining the channel 
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Figure 1.2:   TEM micrograph of a strained silicon MOSFET showing the length scales of 
state of the art semiconductor devices in 2003. [3] 

reduces its resistivity and increases the charge carrier mobility between the source and 

the drain. [6]  This approach allows transistors to attain higher drive currents without 

decreasing gate oxide thicknesses.  Decreasing gate oxide thicknesses allows electrons to 

tunnel from the gate and into the channel. [7]  Strained materials are less susceptible to 

malfunction due to process variation. [5]  Strained lattices are more consistent than 

dopant concentrations at length scales of modern technology.  Strained silicon exhibits 

enhanced carrier mobilities and lower channel resistance, both of which are important for 

increasing drive currents because gate voltages must be scaled down as transistor density 

increases.  Strained silicon channels also produce less resistive heating while in the on 

state because they have inherently lower resistance to the flow of charge carriers than 
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unstrained channels.  Strained materials also demonstrate larger carrier mobilities in the 

presence of high vertical fields. [7,8]  Strained silicon is a promising and versatile 

material for maintaining the pace of scaling in transistor technology.   

The application of etch stop liners (ESL) and strain engineering in materials such 

as epitaxial Si-Ge, are methods that combine in additive fashion to increase charge carrier 

mobility in device channels and thereby the drive current of the device while in the “On” 

state.  In the near future, the effectiveness of ESL will decline due to the reduction in gate 

pitch, the distance between gate structures, that is required for increased circuit density. 

The predicted limits for performance improvement using ESL imply that further benefits 

from strained materials must come from epitaxial Si-Ge.  Epitaxial strained silicon has 

been in use since the 90 nm node and shows great promise for picking up enhanced 

charge carrier mobility where the effectiveness of ESL reaches its limits.         

Strained silicon has gone through several stages of development in which physical 

structures, Si-Ge and Si-C alloy layers, and other strained films have been used to 

generate lattice distortions in various regions of the device.  When carbon or germanium 

is incorporated into the silicon lattice it induces strain in the crystal because of the 

difference in lattice constants between the atom types. [9]  The lattice constant of carbon 

(diamond), silicon and germanium are 3.567, 5.430 and 5.658 Å, respectively so the 

lattice mismatch between carbon and silicon is – 34.3% and that between germanium and 

silicon is + 4%. Inclusion of these atoms into a silicon crystal induces tensile and 

compressive strain, respectively, as the lattice compresses or stretches to accommodate 

atoms of a different size.  This distortion breaks the symmetry of the band structure and 

allows charge carriers to move more freely through the material. [9]  Thin layers of 

silicon grown epitaxially on an alloy substrate are forced to adopt a strain configuration 

opposite that of the substrate lattice.  In the most common application silicon is deposited 

on a relaxed Si-Ge alloy layer to induce tensile strain in the epitaxial silicon.  In the initial 

stages of the development of strained silicon technology, standard 200 or 300 mm silicon 
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wafers were used as substrates for the blanket (not patterned) deposition of epitaxial Si-

Ge buffer layers onto which strained Si was grown epitaxially.  Another common method 

for generating strain in a silicon lattice is to force it to grow on an isolation structure or in 

a trench.  Structures such as these can be used to estimate the behavior of strained silicon 

where it interfaces with other materials common to transistors, such as highly doped 

silicon.  Building strained silicon into transistors poses a significant challenge because it 

requires specificity and precision to incorporate the strain in the channel and also because 

various subsequent processing steps may relax the induced strain.  In particular, it has 

been shown that annealing processes, commonly used to activate dopant atoms in the 

channel, can cause strained materials to relax. [10]  Transistors in various stages of 

processing could be analyzed for stress and defects as well because processing requires 

selective integration of materials and varying angles of surface approach that make clean 

application difficult.  Each of these sample types presents a unique combination of 

information and limitations for the techniques that can be used to collect the informa tion.  

The ability to determine the success of certain processing steps under conditions common 

to the manufacturing process is extremely valuable. 

METHODS OF STRAIN ANALYSIS  

The pace of development imposed by Moore’s Law leaves little room for error or 

unsuccessful design methodology.  Considerable effort has already been invested into 

finding an alternative channel material for MOSFETs, namely III-V semiconductors, but 

other semiconductors do not form defect-free semiconductor-to- insulator interfaces as 

well as silicon and silicon-oxide.  The cost of developing new techniques is constantly 

being measured against the potential improvements available in continuing to further 

develop the established methods. Transistor architects employ three main analytical 

techniques for strain analysis in semiconductor research, X-ray Diffraction (XRD) [6,11], 

Convergent Beam Electron Diffraction (CBED) [6], and Raman spectroscopy [12] to 
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evaluate the success of processes that will be used to generate strain in the 45 nm 

technology node and beyond.   

XRD is widely used to determine the mean interatomic spacing of crystals 

composed of building blocks ranging from single atoms to proteins. [13]  The technique 

uses a relatively broad beam, 2-4 µm spot size, of collimated X-rays to probe the 

periodicity of the crystal by generating diffraction patterns. [14]  While XRD provides a 

very precise determination of the periodicity of a large sample surface, it is not applicable 

to nanoscopic device structures because the sample must present enough repeating cells 

to generate a coherent diffraction pattern.  This requirement limits its utility to blanket 

wafers and samples with dimensions of micrometers. 

One of the most common means of evaluating devices and device structures is 

CBED.  Atomically thin sections of the wafer and associated integrated circuitry are cut 

using Focused Ion Beam (FIB) milling. [15,16]  These cross sections are then scanned 

using convergent electron beams for high resolution images.  Low sample throughput and 

the destructive nature of the sample preparation method limit the utility of this technique.  

It is difficult to measure strain by CBED because FIB cutting the samples into atomically 

thick sections can cause strain relaxation. [15,17]  This method provides very limited 

chemical information and requires conductive samples to prevent surface charging. 

Optical microscopy experiments can be nondestructive and provide high sample 

throughput that complements their high spatial resolution and sensitivity.  Raman 

microscopy, in particular, also provides chemical and physical specificity, for example, 

the identity of the material under study as well as a quantitative measure of any strain 

present. The diffraction-limited spatial resolution is given by the Rayle igh criterion: 

R =
1.22λ
2NA

,        (1.1)  

where R is the minimum resolvable separation between two points on the sample and NA 

is the numerical aperture of the microscope objective. [18]  The highest resolution of a 
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high quality microscope objective working in air is on the order of half the excitation 

wavelength.  Resolution limits can reach 150-200 nm length scales when blue or near UV 

lasers are used to illuminate the sample. The depth sampled in silicon and germanium 

depends upon their optical absorption coefficients at the wavelength of interest. Both of 

these elements are indirect band-gap materials, with direct gaps appearing in the UV; 

consequently the absorption coefficients are small throughout most of the visible region 

but rise sharply in the UV. This property allows users to control the sampling depth in a 

Raman microscopy experiment by choosing the appropriate excitation wavelength, see 

Table 1.1. Sampling depths in silicon and germanium range from 4 nm in the UV to 

almost 1 µm in the near-IR.  Modern Raman microscopes generally provide up to four 

easily selectable excitation wavelengths that are well suited for this purpose. It is 

important to limit the power incident on the sample as it has been well documented that 

laser heating can cause red-shifting of the Raman peaks as the lattice expands. [12] 

Table 1.1:  Laser penetration depth with Wavelength. 

λexc 514 nm 442 nm 325 nm 

a1/2 (Si) 200 nm 135 nm 4 nm 

a1/2 (Si0.80Ge0.20) 100 nm 40 nm 4 nm 

Raman near- field scanning optical microscopy (RNSOM) is a highly desirable, 

non-diffraction limited, alternative to Raman microscopy.  It offers the highest resolution 

optical spectroscopy available for strain measurement in silicon devices [6,19] but yields 

exactly the same vibrational spectrum as an equivalent Raman microscopy experiment.  

Apertured RNSOM, in which the laser light is delivered to the sample via a sub-

wavelength aperture, is currently under development for strain measurement in 

semiconductor research.  Apertureless RNSOM or tip-enhanced Raman NSOM (TERS) 

is an alternative approach to apertured RNSOM.  TERS uses a sharpened metal tip with a 

very low radius of curvature, 5-10 nm, to enhance the electromagnetic fields of both the 
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incident and scattered radiation, and thereby the scattering counts, from the sample in the 

immediate vicinity of the tip.  NSOM and TERS yield topographic images of the sample 

surface that are comparable to those obtained using atomic force microscopy; they can be 

used to help identify the origin of the Raman spectra.  TERS experiments yield slightly 

higher spatial resolution in both the topographic and spectroscopic aspects of a nearfield 

experiment than does RNSOM.  

TERS experiments deliver much more power to the sample but the method suffers 

from extremely large backgrounds due to scattering that arises from the diffraction 

limited spot that is used to illuminate the sharpened metal tip. [20]  Apertured RNSOM 

yields low scattering counts because it delivers very low laser power, on the order of 15 

µW, to the sample surface.  Low incident laser intensity leads to long acquisition times 

for each Raman spectrum and longer total scan times. 

The objective of this research was to develop a near- field scanning technique that 

demonstrated sufficient lateral spatial resolution for the analysis of strain in silicon 

structures and devices.  Our goal was to maximize the light delivery, collection and 

spectral throughput in order to minimize spectral acquisition times and maximize the 

sample throughput of the near- field instrument.  Apertured RNSOM was chosen for this 

purpose because the tip aperture can be made small enough to compete with the spatial 

resolution of TERS without sacrificing signal-to-background ratio.  Our efficient light 

collection optics and high-throughput spectrograph also greatly compensate for the low 

laser power delivery of the aperture method.  

RAMAN SCATTERING AND STRAIN M EASUREMENTS  

Raman scattering is an inelastic light scattering technique that demonstrates high 

sensitivity to strain by measuring the vibrational frequencies of the silicon lattice 

phonons.  Raman microscopy experiments are employed because they allow sufficient 

laser power to be delivered to the sample to overcome the low scattering probability of 

the technique, typically on the order of one part in 105. [21]  
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Raman scattering is described quantum mechanically as the absorption and 

emission of photons between real and virtual electronic states of a molecule or solid, with 

the difference in energy appearing as an excitation of a vibrational mode as shown in 

Figure 1.3.  The electron is promoted into a virtual state, of energy between the ground 

and first electronic excited states, the energy of which depends on the energy of the 

incident radiation.  This means that Raman scattering can be observed at all exciting 

wavelengths, even those with energies above the first excited state.  When the electron  

 

Figure 1.3:  Jablonski diagram depicting excitation and Rayleigh and Raman emission 
processes. 

that has been promoted into the virtual state relaxes it emits a photon with energy equal to 

the difference between that of the virtual state and the final state.  The levels invo lved are 

usually the ground and first excited vibrational states of the electronic ground state, the 

population of the latter being given by the Boltzmann distribution. Relaxation from the 

virtual state can result in emission of three different frequencies of radiation upon return 

to the ground state manifold.  The most common emission process, Rayleigh scattering, 

involved the return of the electron to its original state.  Rayleigh scattering emits a photon 
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identical in energy to the excitation photon.  The second type of emission that can occur 

involves the transition from the electronic ground state to the virtual state followed by a 

return to the first vibrationally excited state.  This transition set, termed Stokes scattering, 

involves a loss of energy equivalent to the quantum associated with the first vibrational 

transition of the ground electronic state resulting in emission that is red-shifted from the 

excitation wavelength.  The third process, termed Anti-Stokes scattering, involves the 

electron transition from the thermally populated first vibrational level of the electronic 

ground state to the virtual state followed by return to the electronic ground state. This 

transition results in the addition of one vibrational quantum of energy to the emitted 

photon, resulting in a blue-shifted emission.  

In Raman scattering, the electric field, E, of the monochromatic light incident 

upon the sample is given by: 

E = E0 cos(2πνext).       (1.2) 

Where E0 is the amplitude of the wave and νex is its frequency.  When the electric field 

interacts with the electron clouds of the bonds in the sample it induces a dipole moment, 

µ, proportional to the polarizability, a, according to:  

µ = a E = E0 cos(2πνext).      (1.3) 

The polarizability of the molecule or solid must change during the vibrational motion in 

order for a mode to be Raman active.  Changes in polarizability with respect to a normal 

coordinate can be expressed as: 









∂
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where a0 is the polarizability of the bond at its equilibrium position and (r – req) is the 

internuclear separation.  The internuclear separation varies with the frequency of the 

bond vibration, νv, according to: 

(r – req) = rm cos(2πνvt),      (1.5) 

where rm is the maximum internuclear separation of the bond.  Substitution of equation 

1.5 into equation 1.4 gives: 
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Equation 1.6 can then be substituted into equation 1.3 to give a more detailed expression 

for the dipole induced by the varying polarizability as the bond vibrates: 
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This equation can be simplified using the trigonometric identity that states: 
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The first term in equation 1.9 corresponds to the phenomenon of Rayleigh 

scattering, an elastic process.  The second and third terms correspond to phenomena in 

which the dipole radiates at frequencies below and above the original excitation 

frequency, the Stokes and Anti-Stokes scattering, respectively.  It can be seen from these 

two terms that the vibrational motion directly modulates the frequency of the scattered 

light, and the vibrational frequency is simply the difference between the frequency of the 

incident and scattered radiation. Vibrational frequencies are characteristic fingerprints of 

bond types and local environments.  In the case of silicon, tensile strain lowers the 

frequency of the Si-Si phonon stretching mode, thereby causing a red-shift of the Raman 

peak, whereas compressive strain raises the frequency of the Si-Si phonon stretching 

mode, thereby causing a blue-shift of the Raman peak. [12]   

Stress is a pressure (force per unit area) that causes strain in a material.  Strain in 

solids is a dimensionless fractiona l change in the lattice constant.  The Raman community 

tends to report its characterization of strained silicon in units of stress, whereas the XRD 

and CBED communities report their results in units of strain. The frequency of the first 

order Si-Si phonon peak in a Raman spectrum can be used to directly determine any 
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lattice distortion in a silicon substrate, structure or device as shown in Figure 1.4.  For 

isotropic, biaxial stress in silicon, the peak shift of this Raman band, relative to that of 

relaxed silicon, has been empirically determined to follow the equation: 

∆ω (cm-1) = 4.6 x 10-9 σ (Pa).      (1.10) 

Here, σ is the lattice stress in pascals and the frequency shift, ∆ω, is defined as the 

difference between the Si-Si phonon frequency as measured in a fully relaxed, pure 

silicon lattice and its frequency in a strained silicon sample.  Strain, ε, in the lattice is 

determined from the stress indicated by equation 1.10 according to the equation: 

GPa180
σ

ε =
.        (1.11) 

INTRODUCTION TO NSOM  

E. H. Synge wrote to Einstein in 1928 proposing a revolutionary new method of 

optical microscopy. [22,23,24]  His refined hypothesis stated that a super-resolution 

optical image could be generated by illuminating a metal screen containing a sub-

wavelength hole while scanning it across a sample surface.  The light that passed through 

the sub-wavelength aperture would not diffract before interacting with the surface if the  

metal screen was kept close enough to the surface of the sample as shown in Figure 1.5.  
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Figure 1.4:  A comparison of the spectra from strained and unstrained silicon.  This peak 
shift, ∆ω of 5.1 cm-1, indicates that the silicon lattice is under 1.11 GPa of 
stress due to a 0.62% lattice strain.    

The light incident on the back of the screen ceases to propagate at the point where it must 

pass through a sub-wavelength aperture.  At the point where the electromagnetic wave 

can no longer propagate, due to sub-wavelength apertures or constrictive waveguide 

dimensions, it becomes an evanescent wave. The aperture in the metal screen generates a 

standing evanescent wave that does not propagate away from the aperture and therefore 

interacts with the sample locally, without diffraction.  The electric field of this evanescent 

wave extends outward from the opening in the metal screen, decaying exponentially with 

distance from the face of the aperture. Evanescent waves are trapped where they are 

formed but an interaction with matter can return them to a propagating state in which 
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Figure 1.5:  A sub-wavelength aperture in a metal screen creates an evanescent wave 
when illuminated from above.  The aperture must be held very close, <<λ, 
to the sample surface for super-resolution microscopy. 

they can be collected in the same manner as any other light that is scattered or emitted 

from the sample.  The intuitive potential of Synge’s idea was not realized at the time 

because the technology for nanofabrication of sub-wavelength apertures and 

nanopositioning devices would not exist for another fifty years.  The potential of the 

NSOM concept was revived by Ash and Nichols in a clever demonstration of principle. 

[25]  The two scientists demonstrated sub-wavelength resolution using 3 cm microwaves 

to illuminate apertures that ranged from 0.5 – 1 mm. They scanned a metal grating, 

observing features with spacing of the order of 
60
λ

. Twelve years later Pohl and Denk 

showed that illuminating a convex nanoscopic aperture, 30 nm in diameter, with a 488 

nm argon ion laser could provide almost 
20
λ

 lateral spatial resolution. [26]  These 

pioneering achievements revived interest in using the near- field to evaluate samples with 

spatial resolution beyond the diffraction limit. 

The two biggest technical challenges of NSOM are maintaining the sample 

proximity to the aperture and collecting light originating from the near- field interactions 

with the sample.   These two aspects of NSOM dictate success or failure depending on 

how well they are mastered.  Ash and Nichols cleverly overcame the first aspect by using 



 16 

aperture sizes on the order of millimeters. [25]  Optimal NSOM requires the sample to be 

kept as close to the plane of the aperture as possible, and always less than an aperture 

radius away from the metal screen.  They relieved themselves of the need for a feedback 

method that could maintain nanometer scale distance control by using an aperture that 

was more than 3000 times larger than its equivalent would have been in an optical 

wavelength experiment. Super-resolution microscopy in the visible wavelength regime 

demands feedback control on the order of 5-10 nm to prevent damage to the nanoscopic 

aperture. [27]  Pohl and Denk demonstrated a genuine proof of principle for optical 

wavelengths on a transparent sample.   

In NSOM, the opacity of the sample determines how almost every aspect of the 

experiment must be handled.  Numerous forms of NSOM have arisen from various 

combinations of light delivery and the light collection methods, see Figure 1.6.  Many of 

these light delivery and collection schemes are equivalent according to the reversibility 

principle of electromagnetic theory. [28]  For instance, the light delivery optics and light 

collection optics may be positioned on either side of a transparent sample for the so 

called transmission NSOM geometry.  This NSOM can be configured in illumination 

mode if the tip delivers the light or collection mode if it is used to collect the light, but 

both methods, in theory, produce identical results.  The same naming convention applies 

to illumination and collection optics that are arranged on the same side of opaque 

samples. Illumination may not be exactly equivalent to collection mode in reflection 

NSOM due to subtle effects like shadowing from the sample and coherence of the 

illumination source. [29]  In a third version of NSOM, the apertured fiber is used both to 

illuminate the sample and to collect the resulting light emission.  This mode is called the 

illumination-collection mode and it is usually only applied to opaque samples with large 

excitation cross sections. [30,31,32]  This method is very uncommon because both 

excitation and collection suffer coupling losses out of and back into a sub-wavelength 

aperture.   
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Figure 1.6:  Illumination (Ill.) and collection (Coll.) in apertured NSOM.  A) 
Transmission geometry.  B)  Backscattering mode.  C)  Illumination-
collection mode. 

The typical design of an apertured NSOM uses a sharply tapered index material, 

such as quartz or fiber optics, with an opaque metal coating as a waveguide, to deliver 

light to the sample.  The electromagnetic field extends slightly beyond the inner surface 

of the metal coating of NSOM probe as it travels down the waveguide to the aperture due 

to non- ideal behavior of the metal used to coat the tip. [33]  This allows some light to 

propagate through the aperture but the majority of the power that is guided to the aperture 

is reduced to evanescent waves, is reflected back up the fiber, or is absorbed and 

dissipated as heat. [34]  The limited amount of light that propagates through the aperture 

maintains the polarization of light in the NSOM fiber and remains collimated for a very 

short distance after passing through the aperture as shown in Figure 1.7.  The evanescent 

waves generated by the aperture propagate laterally along its surface with extremely high 

spatial frequency.  The evanescent mode field intensity decays exponentially in the z 

direction, the propagation direction of the light passing through the aperture. In other 

words, the guided mode becomes a standing wave attached to the surface of the 

waveguide at the aperture.  The evanescent waves are confined laterally in x and y by the 

metal cladding on the tip.  Without outside interference these non-propagating high 

spatial frequency waves do not leave the surface of the aperture and the field they project 
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decays exponentially with distance, z, from the face of the aperture.  The exact 

parameters of this decay are dictated by the degree of lateral confinement of the guided 

modes as they pass through the metal walls of the aperture. [28]  The lateral spatial 

resolution of the NSOM increases as the aperture diameter decreases. [19,35]  The z-axis 

fields of the evanescent waves decay faster and their spatial frequency increases as the 

dimensions of the aperture grow smaller.  Working distances between the tip and sample 

decrease as resolution increases because the exponential decay along the z axis becomes 

more rapid.  Evanescent waves can be used as the excitation sources for emission 

processes such as Raman scattering and fluorescence, releasing photons that carry 

spectral information about the sample surface into the far- field.  

APERTURE DIMENSION EFFECTS 

The evanescent waves at the aperture exhibit two main characteristics.  First, they 

decay faster with z distance as the aperture size decreases.  Shorter working distances  

 

Figure 1.7:  Rate of lateral spreading of 5000 Å radiation after passing through a slit in a 
metal screen.  The lateral spreading is determined by the full width half 
maximum of the energy flux (Wm-2) vector for slits of width: λ/2.5, λ/5, 
λ/10, λ/20. [36] 
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must be used to effectively exploit the lateral resolution of the evanescent waves when 

the fields at the aperture are more tightly confined.  For apertures in the 20-100 nm range, 

typical effective working distances are on the order of 5 nm. [27]  Second, the evanescent 

electric field that manifests itself as scattered or emitted light after it has interacted with 

the sample surface produces very low signal levels in the far field that can be difficult to 

collect and detect.   

NSOM images are generated by scanning the sample surface through the 

evanescent fields generated at the aperture of the tip.  The sensitivity of the optical 

response to the working distance of the fields confined to the aperture requires a force 

sensing mechanism to regulate the tip-sample separation during scanning.  The signal 

generated by this force sensor may be recorded as a point-by-point topographic image of 

the sample surface.  Constant height and constant separation are the two main schemes 

employed for force scanning of the sample surface.  Constant height scans hold the tip 

fixed at a certain height above the sample surface for the duration of the scan, generating 

no topographic information about the sample surface.  Constant separation scans hold the 

tip-sample separation constant so that the tip follows the topography of the sample, 

generating a map of physical features.  Constant separation scans keep the strength of the 

interaction between the evanescent wave and the sample surface roughly constant.  The 

strength of the optical signal in the far field is significantly coupled to the separation 

between the tip and the sample during scanning.  Light emission from the sample 

decreases significantly when the tip-sample separation increases due to the exponential 

decay of the evanescent fields.  When tip shadowing occurs, NSOM methods that use 

photon counts to determine sample properties can suffer from artifacts related to the 

topography of the sample surface.  Scanning the sample at a constant height overcomes 

this coupling by making the photon counts the product of the sample surface character 

only. Using methods such as Raman scattering to generate unique spectral signatures 

provides an unequivocal identification of the sample surface.  Any variations in the 
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response of the force sensor during the scan will result in a change in how deeply the 

surface of the sample is submerged in the evanescent waves attached to the aperture of 

the tip.  These variations will affect the photon counts but not the peak positions in the 

spectra at each point.  The tip-sample separation also affects the lateral dispersion of the 

evanescent field and thereby the area of the illuminated spot on the sample surface 

associated with each spectrum.  The lateral spatial resolution decreases with increasing 

tip height because the sample area illuminated by the aperture increases.  In conclusion, 

coupling between the force sensor and the optical signal is not a problem in systems that 

rely on Raman scattering for sample contrast.  However, all NSOM will couple lateral 

resolution and photon counts with the consistency of the monotonic response of the force 

sensor because it controls the tip to sample separation and thereby the sample interaction 

with the evanescent field.  The spectrum generated by Raman scattering depends solely 

on tip-sample separation for signal amplitude and the sample environment at that spot for 

spectral signature making constant separation scans the only requirement for artifact free 

sample images.  

POLARIZATION EFFECTS 

Raman scattering is very sensitive to polarization effects at the aperture of the 

NSOM tip due to the scattering intensity dependence on the Raman tensor of the sample.  

If the laser light in the waveguide is polarized, it strongly affects the polarization of the 

electric field in the x plane of the aperture (x or y is arbitrary in this case).  The 

Evanescent waves that are generated at the aperture are polarized in the z direction, along 

the axis of the tip.  In the near- field of the aperture these two polarizations interact with 

the sample but as the distance from the aperture increases the sample interactions become 

dominated by the polarization of the light from the waveguide. [33,37]  Emission 

processes that result from interaction with the z component of the aperture field have 

been shown to have the highest lateral spatial resolution on the sample surface. [28]  Both 

theory and physical experiment agree that nearfield scattering intensity produced by a z 
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polarized dipole demonstrates higher lateral resolution than the result of an equivalent 

dipole oriented along the x axis because these fields are most strongly confined by the 

metal walls of the aperture. [28]  When these polarized fields are brought  down on a 

sample surface they excite dipoles of similar orientation along z and x.  The Raman tensor 

dictates the directionality of the light scattered from the sample surface as a function of 

the two polarizations at the aperture.  The high lateral resolution of the z polarization 

fields at the aperture implies that collecting light that is emitted in directions near and 

along the surface of the sample yields the highest spatial resolution of the sample surface.  

In reflection geometry, the x polarization of the aperture creates two lobes of scattering 

intensity along the x or y axis.  

The angle and direction of light collection, with respect to the light polarization at 

the aperture, can be chosen to maximize signal amplitude or resolution. [38]  Signal 

intensity could be maximized by collecting at scattering angles near the sample surface 

plane and along the y axis.  In this method scattering from both z and x polarizations is 

collected maximizing scattering counts but not necessarily lateral resolution.  In the other 

alternative the scattered light is collected at angles near the surface plane along the x axis, 

maximizing exposure to emission from dipoles along the z axis where the resolution has 

been shown to be the highest.   Knowing the orientation of the sample and aligning the 

light collection optics to properly match the excitation fields at the aperture maximizes 

both signal intensity and spatial resolution of the spectra collected during the scan. 
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Chapter 2 NSOM-Microscope 

NSOM-MICROSCOPE: OVERVIEW 

The efficiency and lateral spatial resolution of a Raman NSOM depends on very 

precise control of the distance between the light-emitting aperture of the NSOM tip and 

the sample surface.  This separation must be controlled to within a few nanometers for 

the duration of a complete raster scan across the surface of the sample.  It is extremely 

important to isolate the tip and the sample from vibration or other forms of disturbance 

from the environment.   To achieve this objective the experimental apparatus, including 

the microscope body and the actual NSOM module, as shown in Figure 2.1, is enclosed 

in an insulated sound and light-proof box that is mounted on a vibration-damping optical 

table. [39]  This enclosure provides a stable atmosphere that prevents air currents from 

affecting the force sensor of the NSOM tip and minimizes temperature changes inside the 

box. The electronics that are powered up on the table top during an experiment do not 

have fans or other moving parts.  All components that do require moving parts, such as 

the lockin amplifier, high-voltage amplifiers, computers, lasers and spectrometers, are 

isolated from the optical table on an equipment rack or a separate table top.  This 

separation ensures that fewer disturbances affect the fine approach of the sample to the 

surface and the control of the tip-sample separation during the scan.  None of the 

experimental components inside the enclosure generate enough heat to significantly 

affect the temperature of the system during the course of an experiment.  All of these 

characteristics provide an extremely stable environment that allows the force sensor to 

interact with the sample surface without disruption.     
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Figure 2.1:  A block diagram of the Raman NSOM.  A)  The excitation laser.  B)  
Coupling the laser into the NSOM fiber. C)  The tip glued to the quartz 
tuning fork.  D)  High resolution x, y, z scanner.  E)  Light collection 
objective.  F)  Spectrometer and CCD. Each of the components of the 
NSOM is discussed in the text. 

LASER COUPLING TO NSOM  TIP 

The NSOM uses an Invictus NIR 785 nm diode laser fitted with an FC fiber optic 

coupler for excitation.  This diode laser has a linear polarization ratio of 10:1, a feature 

that is important to keep in mind because the polarization is preserved at the aperture of 

the NSOM fiber. The fiber optic coupler provides a connection for FC-terminated fiber 

optic patch cords that allows the laser beam to be positioned as needed without placing 

the body of the laser on the vibration sensitive tabletop.  The laser power can be 

controlled over the range 5 - 400 mW, using an approximate (± 10%) preset factory 

calibration. The actual laser power is measured at several different locations in the optical 

train using a Newport Model 840 laser power meter.  The laser wavelength is stable to 

better than 0.05 nm during the course of a scan.  The laser has a mixed mode structure 
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with higher order modes appearing at higher power levels. The power in the TEM00 

Gaussian mode, which is most effectively coupled into a single mode patch cable, does 

not scale linearly with the power setting for the output; it is linear with power below 50 

mW total laser power but does not increase much beyond that point.  The laser is coupled 

into a single mode fiber optic patch cable with a 5 µm core and an admission cone of 

N.A. 0.12. The single mode fiber imposes a Gaussian mode structure on the beam due to 

the limited diameter and mode acceptance of the core conductor.  This produces a beam 

that is ideal in both mode structure and power for coupling into the NSOM tip fiber.  The 

power available at the far end of the single mode fiber is of the order of 3 – 4 mW.   

The far end of the single mode fiber is connected to a collimation lens and passed 

through a 2:1 beam expander on the tabletop to match the diameter of the aspheric lens 

that focuses the laser into the NSOM fiber.  A near IR dielectric mirror is used to steer 

the laser beam from the beam expander onto the back of the aspheric lens and onto the 

NSOM fiber.  The aspheric lens focuses the collimated laser beam into the back end of 

the NSOM fiber with typical coupling losses of less than 25 %.  The aspheric lens 

couples more efficiently and provides a much longer working distances than any of a 

number of microscope objectives that were tried in its place.  

The aspheric lens, C280TME-B manufactured by Geltech, used to couple light 

into the back end of the NSOM fiber is mounted in a three axis positioner located 

immediately adjacent to the light-proof box that houses the NSOM.  The NSOM fiber is 

held in the focal field of the asphere by a grooved chuck that is positioned in x, y, and z 

via three micrometers.  Alignment of the NSOM fiber with the asphere is achieved by 

positioning the aperture end of the NSOM fiber optic near the surface of a power meter 

and iteratively adjusting the x, y, and z micrometers of the positioning stage to maximize 

the power that has been transmitted through the aperture.  This setup provides a relatively 

quick and reproducible method for coupling the laser into the NSOM fiber.  We can 

estimate the power available at the aperture from the throughput data for each tip 
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supplied by JASCO multiplied by the power at the focus of the asphere.  The throughput 

of JASCO fibers is typically on the order of 0.007 – 0.01 so we typically get tens of 

microwatts at the aperture from 3-4 mW coupled into the tail end of the NSOM fiber.  

We limit the power at the aperture to about 15 µW to avoid melting the tip by backing the 

tail of the NSOM fiber slightly out of the focus of the asphere and ensuring that minute 

amounts of settling in the actuators of the three axis positioner do not appreciably affect 

the power output at the tip for the duration of the scan. 

JASCO NSOM tips are produced using a chemical etching process that yields a 

larger cone angles, shorter tapered regions before the aperture and shorter lengths of non-

propagating waveguide than conventionally pulled tips.  These characteristics have 

increased throughput by as much as four orders of magnitude compared with pulled tips. 

[34]  JASCO coats the etched terminus of the fiber with gold in order to minimize light 

leakage due to oxidation of the tip coating, pinholing, and sintering effects, which are 

common to aluminum both during and after the coating process. [26]  This gold coating 

extends covers the last 1-2 cm on the aperture end of the NSOM fiber.  

The NSOM fiber passes through the wall of the light proof box through a short 

section of opaque black plastic tubing to keep as much ambient light as possible from 

entering the box.  The tubing also helps guide the fiber through the insulation of the wall 

in order to preserve the clean surface of the cleaved end of the fiber. Inside the light proof 

box, the fiber is attached directly to the strain relief of the scan head and the tuning fork 

used as a shear-force sensor. 

SCAN HEAD AND SAMPLE SCANNER, CONSTRUCTION AND ALIGNMENT 

The scan head of the NSOM is comprised of the aperture end of the NSOM fiber, 

which is mounted with strain relief, a quartz crystal tuning fork and a dither piezo as 

shown in Figure 2.2.  The physical motion of the dither piezo induces sinusoidal motion 

in the free-floating tuning fork arm.  The quartz crystal senses the shear force interaction 
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between the tip and the surface and provides a signal on from which to derive the 

feedback response. One arm of the tuning fork is attached firmly to the dither piezo and 

 

Figure 2.2:  Close-up of the scan head that perform the shear-force sensing.  A)  The 
dither piezo.  B)  The tuning fork.  C)  The NSOM tip.  D)  The tuning fork 
electrode leads.  The functional details of these parts can be found in the 
text.  

the other is attached to the aperture end of the NSOM fiber.  In this manner the linear 

expansion and contraction of the dither piezo creates a scissoring motion in the arms of 

the tuning fork.  The motion of the tuning fork arms generates an oscillating charge  

density on the tuning fork electrodes that is proportional to the amplitude of the motion of 

the free floating arm with the tip attached.  Any drag experienced by the tip reduces the 

amplitude of the charge density generated by the arm of the tuning fork.  This oscillating 

current is then used to detect the tip-sample separation due to shear- force influences on 

the tip from the sample surface. 

The entire scan head, piezo, tuning fork, tip and electrical leads, is translated with 

a single-axis positioner that moves along the axis of the NSOM tip.  We call this axis the 

axis of the experiment because the tip must be held normal to the sample surface in order 

for the aperture of the tip to be completely parallel to the sample surface.  The axis of the 

experiment is the z axis of the NSOM tip and the sample.  A mechanical micrometer 
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translates the scan head for alignment and when changing samples. The tip can be 

withdrawn and advanced to position the power meter when aligning the tail end of the 

NSOM fiber with the asphere. The NSOM tip  aperture must be as close to the power 

meter’s surface as possible to achieve accurate measurement of the power throughput.   

The microscope objective views the tip-sample interaction from an angle of 

approximately 70 degrees from the axis of the tip as shown in Figure 2.3. [40]  

Translation along the axis of the experiment causes translation in the x-y plane of the 

microscope stage because the axis of the experiment is angled with respect to the vertical 

axis of the microscope objective.  This means that moving the micrometer on the scan 

head simultaneously changes the tip position on the y and z axis of the light collection 

microscope objective.  The micrometer on the scan head is used to control the collection 

alignment of the tip with the power meter and collection optics; during an experiment the 

tip-sample separation is controlled by much higher resolution motion elements attached 

to the x-y scanner stage.  The NSOM tip is aligned under the microscope objective using 

a combination of the scan head micrometer for y, the screws in the ring that clamps onto 

the NSOM module base plate for x, and the coarse and fine focus of the microscope stage 

to which the NSOM module is attached for the z axis.  The scan head remains stationary 

after alignment, holding the tip at the focus of the light collection objective during the 

experiment.  The sample stage is mounted on a single axis translation stage opposite the 

scan head and tip.  Translation of the sample stage along the z axis of the experiment 

brings the sample up to scan height and into register with the tip and the scattering 

collection optics. 

After the tip has been aligned at the focus of the microscope objective, the sample 

stage and z-translation stage control the high resolution x, y, and z axes of motion during 

the surface scan.  The fine x-y motion of the raster scan is controlled by a bending piezo 

element that is attached to a strain relief base as shown in Figures 2.4 and 2.5. [41]  The 

strain relief base is, in turn, attached to a single axis translation stage that controls z-axis  
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Figure 2.3:  The geometry of the light collection microscope objective.  A)  The 
microscope objective views the angle range from 0-30 degrees from the 
sample surface.  (B and C)  The optics used to collect scattering are 
constrained by the 90 degree angle of the tip-sample interaction.  B)  The 
scan head.  C)  Sample mounted on a magnet.  D)  The magnetic stage for 
the x-y scanner.  E)  The x-y quadrant piezo scanner.  The functional details 
of these parts can be found in the text.  

motion during an experiment.  The z axis of the experiment is actuated by a linear piezo 

element arranged to push against a high resolution electronically controlled stepper motor 

such that length changes of either actuator translate the sample with high precision along 

the axis of the experiment.  The sample stage is comprised of a magnet glued to a single 

hollow-tube piezoelectric element with quadrants cut lengthwise in its outer electrode.  

The x and y voltages routed to orthogonal pairs of electrodes bend the tube and create a 

raster pattern for scanning the sample under the tip.  The hollow tube-piezo is anchored at 

its base to a stainless steel barrel that provides strain relief for the leads that attach to the 
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outer electrodes of the piezo and a firm base for attaching the sample scanner to the stage 

of the single axis translator.  The quadrant piezo is separated from the stainless steel by a 

small piece of insulator to prevent the high voltage x and y signals  from short circuiting 

and damaging the piezo scanner.  Samples are glued firmly onto pieces of a magnet that 

are identical to the magnetic sample  holder attached to the quadrant piezo.  Magnetic 

attraction between the sample holder and the stage on the quadrant piezo holds the 

sample firmly in place and allows for minor adjustments of the sample position in the x-y 

plane as well as for sample rotation around the z axis.  The linear piezo, mounted on the  

single-axis translation stage that holds the sample scanner, controls the z motion of the 

sample in response to the feedback signal from the tuning fork during the experiment.  

This arrangement separates the scan head from the stepper motor as much as possible in 

order to prevent the motion of the sample stage from interfering with the force sensor. 

Vibrations from the stepper motor that reach the scan head during the coarse approach of 

the experiment tend to cause small disturbances in the feedback signal. 

 After aligning the NSOM tip with the microscope objective the stepper motor is 

used to bring the sample surface into close proximity.  This approach is performed 

manually under visual control.  This method can usually bring the sample surface to 

within several hundred microns of the tip, depending on the surface characteristics of the 

sample.  The NSOM control program controls the stepper motor and the fine positioning 

z piezo from the beginning of an actual experiment.  The stepper motor, under automated 

control, is used to close large tip-sample separations with high precision, at which point 

the control program switches z axis control over to a piezo element.  The sample stage 

translates along the axis of the experiment under the control of a high-precision piezo 

element when acquiring topographic data during an experiment.   

A 25 mm optical cage system purchased from Thorlabs holds the  translation stage 

in a rigid head-to-head position with the translation stage that holds the scan head, as 



 31 

shown in Figure 2.6.  The bars that hold each translation stage, the stage of the scan head, 

and  

 

Figure 2.4:  The automated x, y, and z motion control of the NSOM.  A)  Diamond crystal 
on a magnetic sample mount.  B)  The four quadrant scanner stage.  C)  The 
stainless steel barrel strain relief.  D)  The z translation stage platform.   E)  
The high resolution piezo element in head-to-head position with the high 
resolution stepper motor.  F)  The stepper motor.  The functional details of 
these parts can be found in the text.  
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Figure 2.5:  A side view of the automated x, y, and z motion control.  A) The light 
collection microscope objective.  B)  The scan head.  C)  A diamond crystal 
on a magnetic sample mount.  D)  The x-y scanner piezo.  E)  The strain 
relief barrel.  F)  The single axis translation stage actuated by the head-to-
head configuration high resolution piezo and stepper motor (G).  The 
functional details of these parts can be found in the text.  

the sample scanner are heavily cross- linked to maximize stability.  The optical cage 

system allows both stages to be coarsely adjusted with respect to each other and to the 

microscope objective while simultaneously being mounted rigidly to the stage of the 

microscope body and held in alignment with each other.   The cage system also ensures 

that the central axes of the tip and the sample scanner are aligned with one other when the 

body of the NSOM is assembled.  The NSOM is clamped firmly onto the stage of the 

microscope body, as shown in Figure 2.7, allowing the NSOM tip to be quickly and 

easily positioned along the z axis of the microscope during the alignment process. 
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MICROSCOPE 

In order for the microscope objective to view the sample surface illuminated by 

the aperture, the axis of the experiment must be tilted with respect to the axis of the 

microscope body.  The optical cage system allows the axis of the experiment to be 

positioned diagonally with respect to the axis of the microscope; the microscope 

objective views surface at an angle of ~70° with respect to the surface normal. [41]  This 

arrangement is necessary because of the relatively large size of the scan head and 

microscope objective.  A very long working distance microscope objective must be used 

to collect scattered light from the NSOM tip interaction with the sample surface because 

there is very little room to bring the optic in near to the tip and sample.  An infinity 

corrected Leica 50X LWD N.A. 0.50 with a working distance of approximately 13 mm is 

used to maximize the collection efficiency of the microscope.  This objective allows the 

light collection optics to view the illuminated sample surface without making contact 

with the scan head or the sample scanner.  

The microscope body holds the NSOM module on the stage, providing a means to 

move the tip in and out of the focus of the microscope objective in a stable and repeatable 

manner and it supports the light collection optics.  The Kaiser Mark II holographic probe 

head is mounted directly behind the long working distance microscope objective in the 

light collection beam train.  It contains a video camera that can be used in conjunction 

with the white light source of the microscope to view the sample through the microscope 

objective.  This allows the system to be aligned by viewing the NSOM tip through the  

objective.  A beam splitter allows the light path to be sent to the camera or along the path 

to the fiber optic focusing optics.  The path to the focusing optics passes through a 

holographic notch filter for maximum rejection of the Rayleigh line.  The fiber coupling-

optics are rigidly positioned for maximal throughput of the scattered radiation into the 

fiber optic that transmits scattered light to the spectrometer.  The output of the 

holographic probe head couples directly to an FC fiber optic patch cable for transmission  
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Figure 2.6:  The sample stage and scan head in register from the point of view of the light 
collection microscope objective.  A)  The scan head micrometer that 
actuates the NSOM tip.  B)  The translation stage that holds the scan head in 
alignment with the piezo scanner stage.  C)  The scan head: dither piezo, 
tuning fork and NSOM tip fiber optic.  D)  The scanner piezo.  E)  The 
translation stage that holds the automated x, y, z motion control.  F)  The z 
piezo in head-to-head orientation with stepper motor.  G)  The circular base 
plate.  The functional details of these parts can be found in the text.  
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Figure 2.7:  The NSOM structure mounted on the stage of a Leica microscope.  A)  The 
translation stage that holds the scan head.  B) Automated motion control 
elements in register along the z axis of the experiment.  C and D)  The head-
to-head alignment of the z piezo and the stepper motor.  E) Light collection 
objective.  F)  Scan head.  G)  Stainless steel strain relief.  H)  The base disk 
that interfaces between the 25mm cage structure and the clamping ring of 
the microscope body.  I)  This 1/4–80 screw moves the NSOM tip along the 
x axis of the microscope for alignment purposes.  The functional details of 
these parts can be found in the text.  

to the spectrometer.  A multimode fiber patch cable with a 105 µm core is used for this 

purpose.  The part of the patch cable located outside the box is wrapped in reflective tape 

prevent to ambient light from entering the spectrograph.  The fiber-optic patch cable 

connects directly onto the FC adapter of the Kaiser Hololab 5000 spectrograph.  This 

fiber optic coupling structurally separates the spectrometer and the CCD from the optical 

isolation table, minimizing any possible disturbance of the force sensor in the scan head 

of the NSOM.         
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SPECTROGRAPH AND CCD 

The Kaiser HoloLab 5000R spectrograph uses an f/1.8 FC fiber optics input that 

allows us to couple the spectrometer directly to the Mark II Holographic probe head via a 

multimode fiber optic patch cable.  The HoloLab 5000R uses a Holographic SuperNotch-

Plus™ Filter, OD 4 at 785 nm, to reject the Rayleigh line and incorporates a Holoplex™ 

Transmission Grating that disperses and splits the spectrum vertically into two spectral 

ranges that are stacked on the CCD in order to more efficiently distribute the spectrum 

over the available pixel space of the CCD.  [42,43]  Splitting the spectrum into two 

regions effectively doubles the number of pixels available and increases the spectral 

resolution of the instrument. The nominal spectral coverage of the HoloLab 5000R is 

from +100 cm-1 to -3450 cm-1 but we have determined by calibration our instrument 

covers from -31.02 cm-1 to -1940.50 cm-1 in the first region and from -1818.28 cm-1 to -

3275.09 cm-1 in the second region. The output of the spectrograph is dispersed across the 

surface of an Andor iDus DV401A-FI front-illuminated CCD detector with a quantum 

efficiency of approximately 45% at 785 nm.  The CCD is a 1024 by 128 array with 26x26 

µm pixels; the dispersion over the range covered by the first region of interest is roughly 

1.93 cm-1 per pixel. The detector is cooled to 213 K by a Peltier cooler to minimize dark 

current.
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Chapter 3: x-y and z Positioning 

INTRODUCTION 

The evanescent field from an NSOM tip decays exponentially with distance from 

the aperture.  The decay length of the evanescent field is proportional to the diameter of 

the aperture of the NSOM tip.  The working distance of an NSOM tip decreases at higher 

resolution because the lateral resolution of an NSOM also depends on the aperture size of 

the tip.  Typical NSOM tips have apertures of the order of 50-100 nm in diameter, 

making the decay length and working distance approximately 50 nm or less.  Working 

distances on the order of 10-20 nm must be maintained for the duration of a raster scan to 

achieve optimal signal levels. [44]  NSOM requires AFM (shear- force) to control tip-

sample separations with working distances of this length scale.   

Quartz crystal tuning forks are commonly used for shear-force sensing distance 

control in NSOM.  They have well-defined, high-frequency mechanical resonances with 

low noise and high quality factors, which makes them an ideal choice as force sensors for 

this application. [39,45]  Quartz crystal tuning forks are cheap, simple to employ, their 

size makes them ideally suited for the job, and their mass production makes them 

extremely uniform.  They have been shown to be robust across a wide range of working 

environments including high vacuum, low temperature, and high magnetic fields and 

even liquids. [46,47]  

The scissor motion, where the base of the tuning fork remains stationary and the 

arms move in completely opposite phase to each other, yields maximum sensitivity to the  

oscillation amplitude of the tuning fork arms. [18]  The best way to induce a scissor 

motion in the tuning fork is to drive it directly via the electrodes attached to its faces in 

the manner of timing circuits.  This method requires special feedback circuitry to 

overcome the background signals created by its parasitic capacitance.  It can be difficult 

to incorporate extra circuitry onto the scan head because it shares close proximity with 
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the light collection optics of the NSOM.  A scheme has been developed that connects the 

tuning fork to a driving, or dither, piezo in a manner commonly used by apertureless 

NSOM and other scanning probe microscopies.     

The optimal scissor motion can be approximated by attaching the tuning fork to 

the dither piezo by the length of one arm, leaving a sufficient amount of the arm 

extending out past the edge of the dither piezo to allow the tip to approach the sample 

surface. [48]  In this manner, one arm and the tuning fork base maintain constant aspect 

with each other because they are firmly attached to the dither piezo.  The other arm, with 

the tip attached, beats in an approximate scissor motion with respect to the base of the 

tuning fork.  This generates a vibration in the tuning-fork arm with the NSOM tip 

attached that is completely out of phase with the anchor arm.  This vibration 

approximates a scissor motion in which only one blade is moving.  Using a dither piezo 

to induce the oscillations in the tuning fork clears the background in the voltage signal 

originating from the tuning fork.  In our experience, this method of attachment has 

demonstrated a single resonance peak with sufficient sensitivity to provide shear- force 

control on a sub-nanometer scale. 

AFM  SCAN HEAD 

The scan head of the NSOM we built is comprised of the NSOM tip, a quartz 

crystal tuning fork, and a dither piezo.  The NSOM tip is glued to one arm of the tuning 

fork, and the dither piezo is glued to the other arm of the tuning fork.  The dither piezo is 

a single axis piezo electric stack with an electromechanical coupling constant of 50 

nm/V, and a maximum extension of 5µm.  The motion of the dither piezo is driven by a 

10 µV sine wave that is generated by a Stanford Research Systems Model SR810 DSP 

Lock-In Amplifier.  The oscillating single-axis motion of the dither piezo causes the arm 

of the tuning fork, with the tip attached, to vibrate.  The frequency of the sine wave that 

drives the dither piezo is then tuned to the resonance frequency of the tuning-fork arm 

with the tip attached.  The charge oscillations produced by the motion of the tuning fork 
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are amplified and then analyzed by the lock-in amplifier and used to generate a feedback 

signal that controls tip-sample separation.  The detection phase of the lock- in amplifier is 

set to maximize the tuning-fork signal while the tip is oscillating unimpeded in free 

space.  The 0-10 V output of the lock- in amplifier is used as the feedback signal for the 

control loop of the NSOM.  When the tip interacts with the surface of the sample, draws 

within the 10-20 nm separation regime, it experiences drag that changes the frequency 

and phase of the tuning fork vibration. [49,50]  The interaction mechanism of non-contact 

shear-force is not well understood but has been attributed to frictional force caused by 

water layers in ambient conditions [51,52] and electromagnetic friction outside of 

ambient conditions.  The change in the resonant conditions caused by the shear- force 

drag on the tuning fork arm leads to a decrease in the amplitude of the tuning fork voltage 

detected at the lock- in amplifier and in turn, a decrease in the feedback voltage signal that 

controls the tip-sample separation.  The feedback signal from the lock- in amplifier is then 

used by the NSOM to adjust the distance between the aperture and the sample surface. 

SCAN HEAD CONSTRUCTION 

The main function of the scan head is to hold the aperture of the tip a fixed 

distance from the sample surface.  The electrical leads from the dither piezo and the 

tuning fork are attached to the body of the scan head to prevent any motions of the cables 

from creating physical vibration or variable electromagnetic interference.  Additionally, 

the ceramic body of the scan head is precisely matched to the tuning fork arm to provide 

a strain relief for the fiber immediately behind the NSOM tip.  One of our main goals 

during the assembly process is to orient the principle axes of the tuning fork parallel to 

those of the dither piezo.  Proper orientation of each component and minimization of 

mechanical vibration and variable electromagnetic interference ensures a single, stable, 

shear-force signal when the tuning fork is driven by the dither piezo.   

This is accomplished by joining the three elements of the scan head with 

superglue (or Loctite 404).  Using glue to hold the pieces together allows the scan head to 
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be aligned with the axis of the experiment as it is built and it keeps the overall scan head 

volume to a minimum.  Keeping the scan head volume down makes it easier to move and 

align in proximity with the light collection optics and sample stage.  Assembly mistakes 

are less likely and misalignments are easily corrected when the components are joined 

with glue.  Superglue provides easy wetting of all the material types involved in the 

construction of the scan head, high mechanical rigidity when dry, and extremely quick 

setting-up action that prevents the parts from moving after they have been aligned and 

pressed together.  The speed with which superglue sets is particularly useful in the 

attachment of the tip to the tuning fork arm.  The tip and tuning fork are expended when 

the tip is damaged, but using superglue allows them to be easily removed from the scan 

head and replaced.  The quality of the resonance frequency that we use in our shear- force 

detection scheme is most sensitive to the quality of the tip attachment to the tuning fork 

and the tuning fork orientation with respect to the dither piezo. 

We built a special stage to increase the reproducibility of tip attachment.  The 

stage allows us to align the edge face of the tuning fork with the taper region of the 

NSOM fiber with micrometer scale movement in x, y, and z.  This allows the tip to be 

attached to the tuning fork in a parallel and strain free orientation.  Only a short section of 

tip, 500 µm or so, is allowed to extend beyond the end of the tuning fork arm.  This 

minimizes the mass of the tip that extends beyond the support of the tuning fork arm and 

ensures that the tip will move in synchronization with the tuning fork arm when they are 

driven by the dither piezo. [39]  Minimizing the mass that is attached to the tuning fork 

increases the sensitivity and stability of the force sensing because the drag forces 

experienced by the tip are directly transferred to the motion of the tuning fork arm. 

OBTAINING TUNING FORKS   

The tip is attached to a 5 mm quartz crystal tuning fork commonly used as an 

oscillator in timing circuits. [53,54]  The tuning fork is packaged in a sealed steel canister 

with only the two electrical lead wires, one for each set of electrodes plated onto the 
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surface of the actual fork, protruding from the bottom.  This packaging method is 

designed for easy incorporation into a circuit via insertion of the leads into sockets and to 

protect the arms of the fork from contact with any outside components that would disrupt 

their vibrations.  The base of the fork and the two leads are embedded in an extremely 

hard and brittle resin that effectively stoppers the canister.  The canister and the resin 

must be removed from the tuning fork in order to use it on the scan head.  The tuning-

fork leads are orthogonal to the orientation of the two prongs on the tuning fork; the leads 

attach to the sides of the electrodes.  This orientation allows the canister and base to be 

cut without running too much risk of damaging the fragile tuning-fork arms or their 

electrodes. 

In order to extract the tuning fork the top end of the canister, opposite from the 

leads, is glued into a small hole at the end of a steel rod.  This  allows the operator to see, 

hold, and manipulate the canister without applying pressure to any part of the tuning-fork 

case.  Once the canister is cut it has a tendency to collapse with the application of any 

outside pressure.  A high speed rotary tool with a thin, ceramic, metal cutting blade is 

used to cut around the base of the canister where the me tal meets the resin anchor of the 

tuning fork.  The resin base is approximately 1.5 mm thick, and extends from the bottom 

of the canister where the electric leads go into the plastic to the bottom edge of the tuning 

fork.  The tuning fork and base ease away from the canister as the cut around the bottom 

edge of the can grows larger.  The last cuts are made carefully to prevent the tuning fork 

from being thrown by the blade of the cutting tool as the last connections with the 

canister are severed; throwing the tuning fork usually results in damage to the arms or 

electrodes of the fork. 

After cutting off the canister the base of the tuning fork consists of a hard resin 

wrapped by a thin sheet of steel similar in consistency and thickness to the can that 

covered the prongs of the tuning fork.  The outer steel ring is removed by making a cut 

below the edge of one of the tuning fork arms where the base is furthest from the 
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embedded electrical leads.  Slight pressure, crushing force, is then applied to the resin 

base parallel to the embedded electrical leads so to prevent them from breaking off the 

tuning fork electrodes when the resin collapses. 

When executed correctly this method provides bare tuning forks that are ideal for 

use as force sensors.  Completely removing the resin base allows the tip and the dither 

piezo to be attached directly to the edges of the tuning fork.      

FINDING RESONANCE FREQUENCIES 

The frequency dependence of the scan head resonance with respect to the tip and 

tuning fork has been measured both visually, using the microscope, and electronically by 

monitoring the feedback signal amplitude and phase, using the lock- in amplifier.  The 

optimal resonance frequency for operating the NSOM was formerly chosen by observing 

the motion of the tip with a microscope while driving the tuning fork- tip system at a 

relatively high voltage, 400 mV,  and scanning the dither piezo through the 27-35 kHz 

frequency range.  We compared motions of the tip with the voltage and phase measured 

over the desired frequency range.  The resonances typically appear as positive peaks in 

the feedback-signal amplitude with a corresponding derivative shape in the optimized-

phase signal.  We have seen several factors that lead to the occurrence of multiple 

resonance peaks in the frequency-phase scans and have altered our method accordingly to 

reduce the number of false peaks generated by the scan head. 

In past efforts we found a variable number of resonance peaks in the vicinity of 

the parent frequency peak of the tuning fork.  In our earliest efforts, we attached the 

dither piezo to the base of the tuning forks, below the arms as shown in Figure 3.1.  In 

one instance three distinct voltage peaks were observed with the microscope at 

frequencies above and below 32.76 kHz.  All of these resonance peaks exhibited limited  
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Figure 3.1:  A comparison of two methods of attaching the tuning fork to the dither piezo.  
A)  The base of the tuning fork is attached leaving the two prongs of the 
tuning fork free to move in many unpredictable directions.  B)  The entire 
edge of the tuning fork arm is anchored firmly to the dither piezo so as to 
reduce the manifestation of lateral oscillation modes.  The pertinent details 
are discussed in the text.  

sensitivity to the shear- force environment of the tip.  Two of the peaks were attributed to 

motions of the tip that vibrated across the dither axis at 45° while the third less prominent 

peak was associated with tip motion that was completely perpendicular to the dither piezo 

axis.  In this case, no vibration of the tuning fork that resembled a scissor motion was 

apparent.  The three resonances were attributed to a slight angle where the tip was glued 

along the arm of the tuning fork and a small degree of tilt in the attachment of the tuning 

fork to the dither piezo.   
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We believe that the extra resonance peaks appear due to mixing of the simple 

scissor motion of the tuning fork with lateral modes, motions orthogonal to the driving 

motion of the dither piezo.  Attaching the tuning fork base to the dither piezo allowed the 

arms of the tuning fork to oscillate in phase with each other and to oscillate along paths 

diagonal to the axis of the dither piezo.   The tuning fork attachment to the dither piezo is 

important because it  controls the freedom of motion for the tuning-fork arm attached to 

the tip.  Attaching the tuning fork to the dither piezo by an entire arm simplifies this 

process considerably because it severely limits the unwanted motions of the tuning fork 

and produces a more prominent resonance peak.  

With the whole arm attachment method, alternative modes are primarily due to 

subtle asymmetry in the tip attachment to the tuning fork and small deviations in the 

attachment angle of the tuning fork to the dither piezo.  The NSOM tip is roughly 1/5 – 

1/10 as wide as the tuning fork near the apex of the fiber.  The extra width of the tuning 

fork can allow the fiber to be glued down slightly off center along the narrow edge.  

Small amounts of diagonal, or twisting, motion can be generated when this asymmetry of 

mass is combined with an off axis driving force from the dither piezo but they do not 

affect the main scissor motion as severely as before.   

DETECTION OF COUPLED OSCILLATORS  

The quality of the tuning fork attachment to the tip is important because the fork 

performs the force sensing between the tip and sample surface.  In order to identify a 

resonance frequency, the tip must be attached so that the length of tip that extends beyond 

the top edge of the tuning fork does not have an individual resonance frequency of its 

own as shown in Figure 3.2.  This means that the  length of tip that extends beyond the 

tuning fork must be so short that it moves at exactly the frequency and completely in 

phase with the arm of the fork that it is attached to.  This is much harder than it sounds, 

possibly due to the relative softness and flexibility of the gold used to coat the tip in 

comparison with other metals such as aluminum.  Even with extremely short amounts of 
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tip extending beyond the tuning fork, lengths on the order of 750 µm or less, a very small 

frequency separation between tip resonance and fork resonance can sometimes be 

detected.   

Coupled oscillation can be seen through the microscope as a wide separation 

between the frequency of the tip and the quartz fork resonance motion.  In instances of 

smaller frequency separations the lock-in amplifier may display a beat frequency at the 

resonance frequency of the tuning fork.  The most obvious indication of coupled 

oscillation is the behavior of the feedback amplitude in the presence and absence of laser 

power at the tip. In the early development of the fiber attachment to the tuning fork it was 

observed that the amplitude of the feedback signal would change significantly when the 

laser shutter was opened to allow light into the back end of the NSOM tip fiber.  The 

NSOM tip heats up significantly as it absorbs and dissipates the laser power that does not 

propagate through the aperture or reflect back up the fiber. [34]  The thermal expansion 

caused by absorptive heating has been shown to cause the metal coating of the tip to 

crack and peel.  Even sub-damage threshold power levels will change the stiffness of the  

tip that extends beyond the top edge of the tuning fork.  The resonance frequency of the 

tip will change when the laser heating changes the density of the core material via 

thermal expansion.  The feedback signal is insensitive to the presence of laser power at 

the aperture of the tip if the resonance frequency of the tuning fork arm is being 

monitored.  However, changing the resonance frequency due to a loss of stiffness always 

causes the feedback signal amplitude to drop.  In this manner it is possible to determine 

whether or not an actual resonance of the tuning fork is being used for the shear force 

mechanism or if a coupled oscillator system, based on unwanted tip motion, has been 

chosen. 
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Figure 3.2:  Coupled oscillator motion results from the tip extending too far beyond the 
terminal end of the tuning fork.  A) the tip remains rigid and oscillates at the 
same frequency as the arm of the tuning fork.  B)  The mass of the tip that 
extends beyond the tuning-fork arm can bend the tip as the tuning fork 
moves.  This creates additional, unwanted, resonance frequencies.  The 
pertinent details are discussed in the text.    

TUNING FORK FEEDBACK SIGNAL 

The lock- in amplifier generates the output voltage that drives the dither piezo and 

it produces a 0–10 V feedback signal proportional to the frequency, phase and amplitude 

of the charge oscillations that return from the tuning fork.  The coaxial cable length and 

voltage dividers do not distort the voltage output that drives the dither piezo.  However, 

the charge oscillations that originate from the tuning fork are quite sensitive to any 

exposure to electromagnetic interference, and to many types of loss including impedance 

mismatch and inductive losses. [55]  These losses must be minimized at the scan head 

before they cause signal distortion.  The quartz in the tuning fork is a piezo electric 

material.  Motion of the tuning fork arms creates oscillating charge densities on the 

surface of the material that induce minute currents in the electrodes directly attached to 

the arms of the tuning fork, see Figure 3.3.  We immediately amplify these currents with 

a charge sensitive preamplifier in order to boost the signal levels so that they are greater 

than any sources of noise in the cables that return to the lock-in amplifier.  
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The leads of the tuning fork are attached to the signal conductor in the coaxial-rf 

cable very near the point where it exits the ground sheath in order to prevent the loop that 

is formed by the tuning fork leads and the coaxial cable from acting as an antenna that 

picks up spurious signals from the environment. [55]  The cable is very firmly strain 

relieved in the vicinity of the tuning fork so that neither downstream vibrations nor 

electromagnetic Hall effects perturb the currents generated by the tuning fork.  The length 

of the conductor that carries the signal from the tuning fork to the amplifier is very short 

 

Figure 3.3:  The electrode configuration of a quartz crystal tuning fork.  The electric field 
lines are depicted connecting the opposing electrodes on a gray field 
representative of the quartz material.  Periodic movement of the tuning fork 
arms creates oscillating charge densities that induce minute currents in the 
electrodes.   

to minimize the inductive load on the tuning fork.  The cable is the shortest length that 

allows it to connect the amplifier on the table top to the tuning fork on the scan head.  

The charge sensitive preamplifier (Cremat CR110) has a gain of 1.4 V/pC.  A Stanford 

Research Systems Model SR810 DSP lock- in amplifier provides a ± 20 V regulated DC 

power supply which is then stepped down further to power the amplifier circuit.  After 

amplification the signal passes directly to the lock- in amplifier via a 50 ohm coaxial 

cable.  This amplification leads to signal levels at the lock- in amplifier on the 5 millivolt 

scale. 
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Z AXIS MOTION CONTROL  

The vertical resolution of the z axis piezo was calibrated by repeatedly shear- force 

scanning an AFM standard manufactured by Nanosurf.  The standard is a polished silicon 

surface covered in 5x5 µm square silicon mesas, 119 nm high, with a periodicity of 10 

µm as shown in Figures 3.4 and 3.5. 

 

 

Figure 3.4:  The layout of the AFM standard we used to calibrate the z-axis motion of our 
high resolution piezo. The standard is a polished silicon surface covered in 
5x5 µm square silicon mesas, 119 nm high, with a periodicity of 10 µm 
along the two major axes. 

The ratio of the mesa height to the voltage required to raise the tip from the 

silicon surface to the top of the mesa determined the minimum step size for the z piezo.  

The standard was first sonicated in acetone then rinsed with deionized water to remove 

oils and debris before being used. In Figure 3.6 we show the results of an out and back 

line scan that crosses the entire range of travel, 40 µm, of the scanner piezo.  The control 

program was set to acquire 2000 topographic data points per line, or one height 

measurement every 20 nm.  Spectra were not acquired during these calibration scans.  

The voltage required for each mesa step was measured and the final results were 

averaged.  The z voltage signal, 0-10 V, is generated by a NI-6052E computer board.  A 

single channel ThorLabs MDT694A piezo controller amplifies this output by a factor of 

10.  The NI-6052E has nominal voltage resolution on the order of 0.5 mV, which, for 
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signal-to-noise purposes, we consider 1 mV resolution.  By these standards we 

determined the minimum resolvable vertical step size of the z piezo to be 0.087 nm/mV 

with a standard deviation of 0.003 nm/mV.  We consider this to be sufficient vertical 

resolution to control the working distance of a NSOM tip, however, the actual 

topographical resolution during a surface scan cannot be expected to match that of a 

dedicated AFM due to the extremely broad surface of an NSOM tip.  A much sharper 

AFM style tip, such as those employed in TERS, would have to be employed to acquire 

data with lateral topographic resolution at the angstrom level.  

 

 

Figure 3.5:  SEM micrograph of the AFM standard surface confirming the size and shape 
of the silicon mesas. 
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Figure 3.6:  Shear-force line scan across the silicon AFM standard for the calibration of 
the z-axis piezo.  There are 2000 raster points per line (two lines are shown), 
~20nm per step, and both scans follow the same path.  Each mesa step is 
119 nm high, requiring an average vertical travel of 1.368 V to surmount.  A 
small linear background subtraction was applied to flatten the data.  The 
pertinent details are also discussed in the text. 

X-Y MOTION CONTROL 

The fine lateral motion, x-y, of the sample is controlled by voltages that are 

generated by the NSOM controller program.  The control program interfaces with the 

instrument through a NI-6733 computer board that generates x-y voltages from ±10 V 

with 1 mV resolution. These voltages are amplified before being sent to the quadrant 

piezo element of the scanner in the NSOM module as shown in Figure 3.7. [41]  Using 

two quadrants powered by opposing voltages for each axis of motion reduces torsion 

along the shaft of the piezo.  This gives the sample scanner high stiffness and low mass 
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which allows higher scanning speeds and reduces susceptibility to low-frequency 

vibrations. [37]  The x-y voltage signals are amplified to ±150 V by a pair of Trek PZD 

350 bipolar non- inverting high-voltage amplifiers.  These voltage amplitudes are 

sufficient to bend the quadrant piezo several microns in x and y, generating sample 

motion with high resolution and reasonable scan range, ca. 40 µm per axis.  Each Trek 

amplifier has two channels with voltage and current monitors.  In addition, each channel 

 

 

Figure 3.7:  The electrode configuration of the x-y scanner piezo.  Opposing voltages 
cause the axis of the cylinder to bend.  The pertinent details are discussed in 
the text. 

has an individual gain controller that allows the user to adjust the output voltage  

independently of the other channel in the amplifier.  These are extremely convenient 

features for optimizing the scan ranges of the quadrant piezo in x and y because they 

allow very precise tuning of the maximum and minimum voltages written to the sample 

scanner. This allows us to very closely match the range of motion of both the x and y 

axes.  We make the scan range of the symmetric and square by equalizing the gain for 

each channel.  A voltage range of approximately 150x150 V creates a 40x40 µm area that 

could be traversed with ~2 nm raster steps.  The ability to minimize the lateral step size is 

important because the distance between raster points decreases as the spatial resolution of 

the NSOM increases.   
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The lateral resolution of the x-y scanner was estimated by orienting the edges of 

the silicon mesas on the AFM standard parallel to the x and y axes of motion.  We then 

acquired microscope images, using the video camera built into the Mark II probe head, of 

the AFM standard at the maximum positive and negative travel of each axis.  The width 

and length, 5x5 µm per mesa, were then used to calibrate the pixel size of the video 

camera.  This information was, in turn, used to estimate the distances traveled in x and y.  

This lateral calibration is further corroborated by the AFM standard line scans that we 

used to calibrate the vertical motion control.   

The x-y and z calibrations from the AFM standard are applied to the GUI controls 

that generate the raster pattern and z-axis voltages in the NSOM control program.  The 

GUI controls show calibrated values while the control program converts motion control 

voltages accordingly.  This calibration facilitates data processing and interpretation by 

generating an accurate spatial scale for the topographic and z-height images generated by 

the raster scan.  The z-axis calibration is important for the accurate measurement of 

retraction curves.  Retraction curves measure the exponential decay length of the aperture 

fields and are used to determine the aperture diameter and thereby the lateral spatial 

resolution of the instrument.    
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Chapter 4: The NSOM Control Program 

INTRODUCTION AND OVERVIEW 

NSOM is a combination of AFM and optical microscopy that collects highly 

spatially resolved data, both spectral and topographical, from the surface of a sample.  

Precise positioning elements scan the sample laterally in the x-y plane and vertically 

along the z axis to determine the distance between the aperture of the tip and the surface 

of the sample.  Light collection elements, usually those of a commercial microscope, 

combine spectral acquisition with the positioning of the AFM.  During the scan the tip-

sample distance is controlled to less than the aperture radius of the NSOM tip to ensure 

that evanescent waves dominate the spectral interactions with the sample.  The spectral 

acquisitions are correlated with the data from the AFM by a central control program.  Our 

control program, comprising the central hub of the NSOM experiment as shown in Figure 

4.1, is written in LabVIEW.  It takes control of the optical microscope and the AFM 

functions by using two National Instruments data acquisition and signal generation 

computer boards to produce the voltages, synchronization, interpretation of the feedback 

data, and data storage that are required by various aspects of the experiment.   

NSOM  CONTROL PROGRAM TIME RESOLUTION 

The NSOM controller uses a timing system based on the LabVIEW sub-Virtual 

Instrument (sub-VI) “millisecond clock”.  Sub-VIs are simple components of LabVIEW 

programming architecture that usually perform a single, simple function.  The 

millisecond timer sub-VI is a basic counter that numerically increments with every 

passing millisecond during the run period of the NSOM controller.  Time resolution for 

the control program is established by dividing the counter value of the millisecond clock 
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Figure 4.1:  The control program interfaces with the NSOM according to this flowchart.  
The magenta arrow represents the data flow through the Active-X protocol 
that controls the stepper motor.  The red arrows represent the x, y, and z 
voltages as they are generated by the NI-6733, amplified and routed to their 
respective actuators.  The gray arrows trace the path that generates the 
spectrum at each point in a scan.  The lock- in amplifier is the center of the 
blue and green loop.  The green arrows represent the sine wave voltage that 
drives the dither piezo and thereby, the tuning fork.  The blue arrows 
represent the path followed by the tuning fork current up until the point 
where it becomes the feedback signal and is interpreted by the control 
program.  The bubbles represent the data files written by the control 
program and the spectral files written by Hologram.  
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by the desired millisecond timing increment.  This method produces a numerically 

incrementing counter that changes at the beginning of every time interval.  The NI-6052E 

collects feedback data from the lock- in amplifier at its maximum rate, mega-samples per 

second.  The control program evaluates this data at a rate determined by the processor 

speed of the computer that runs the NSOM controller.  The NSOM controller is written to 

run continuously as a while- loop, which means that almost every command in the GUI of 

the virtual instrument responds to user generated actions in real time unt il the program 

reaches the end of a surface scan, at which point it automatically shuts down, or is 

terminated by the user.  The processor speed determines how quickly iterations of the 

while-loop are executed and thereby determines the minimum amount of time between 

initiation and execution of any command  from the NSOM controller GUI or automated 

code.  The millisecond timer keeps track of the timing increments for certain events in the 

program, which are then executed during the current or next iteration of the while- loop.  

After the experiment has been initialized the timer is used to count the intervals used for 

the integral term (I) of the feedback loop that traces long term drift in the AFM feedback 

signal.  The millisecond timer also regulates the intervals between each movement of the 

stepper motor during the coarse tip-sample approach.  The millisecond timer regulates the 

duration and schedule of the TTL signal that triggers the CCD at each point after the 

NSOM controller switches from stepper motor to piezo control of tip-sample separation.  

It clocks the exposure time that keeps the raster point in register with its exposure period 

and it initiates movement along the z-axis when the spectral acquisition is complete.  

Each exposure period is bounded by a surface search routine that provides a small time 

buffer, ensuring that the controller program has sufficient time to complete its tasks 

before the next CCD trigger.  This time buffer prevents the CCD accumulation from 

falling out of register with the raster pattern. 

The functional parts of the control program can be synchronized with 

deterministic or conditional timing.  Deterministic timing is coded by telling the program 
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to execute B command at C time.  There is no room for error or outside influences in this 

type of code.  If the loop does not execute B command at exactly C seconds, the B 

command either becomes lost because the while-loop must continue executing commands 

as fast as it can in order to minimize total iteration time, or carried over if protocols have 

been written into the control program to deal with inserting the missed B command into 

subsequent loop iterations.  Deterministic timing is more direct because it is easy to tell 

the program to do B at C time and then repeat at regular increments thereafter.  However, 

in our experience, this type of code tends to fail irregularly and at random times 

depending on how well the processor of the computer can handle the memory demands of 

LabVIEW and any background system processes.  Any background demand on the 

computer’s memory resources can cause the control program to miss or overlook the 

execution of commands that have precisely assigned timing.  For example, if a command 

is attached to N millisecond and is expected to execute every 500 milliseconds thereafter, 

the command is being executed with deterministic timing.  Under ideal circumstances the 

command will be executed at N, N + 500 ms, N + 1000 ms and so on.  However, this 

requires systems resources that can juggle every other command and data acquisition 

process that the control program is using on a real time millisecond-to-millisecond basis.  

If the command is not executed at exactly N millisecond it will be ignored by the control 

program until the next increment  of that command is supposed to be executed, because N 

is not equal to N + 1 ms.  While deterministic timing is much easier to think about, it is 

much less efficient and reliable when implemented in less than ideal conditions.   

Conditional timing is a system in which the command is executed when a 

condition is met.  Deterministic timing uses a format where the command is executed at 

N millisecond, whereas, conditional timing commands are phrased such that the 

command is executed “when milliseconds are greater than or equal to”.  This simple 

difference makes the execution of the associated command at almost the exact time a 

complete certainty.  System checks of our control program during an actual experiment  
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indicate less than a single millisecond lost or gained over the course of several thousand 

loop iterations.  Conditional timing is also used during the z-axis voltage adjustments that 

position the tip relative to the sample surface during an experiment.  The control loop is 

given a target voltage range to prevent the mathematical complications of exactly 

pinpointing a target voltage.  The voltage range prevents the control loop from oscillating 

around a target position by creating a condition that is always met on the first approach of 

the targeting process.  This conditional target voltage minimizes the memory demand of 

the control loop by stopping the positioning protocol once the z-axis position enters the 

desired voltage range.  Conditional timing greatly decreases the workload of the control 

loop and increases its ability to maintain high speed command execution.    

TTL LOGIC CONTROL TO THE CAMERA 

HoloGRAM, a program written by Kaiser Optical Systems Inc. for use with its 

spectrometers, handles the spectral acquisition of the NSOM.  HoloGRAM controls the 

spectrometer shutter, the thermoelectric temperature, the region of interest, and the data 

readout of the CCD chip.  The resultant Raman spectrum is then automatically displayed 

and exported to Microsoft Excel.  HoloGRAM runs on a computer that is specifically 

reserved for the spectral acquisition process.  Once the experiment mode in HoloGRAM 

has been initiated this computer becomes a slave to the master computer that is running 

the NSOM control program.   Each CCD exposure in the experiment is initiated by a 

single TTL signal sent from the NSOM controller to the HoloGRAM computer.  This 

synchronizes spectral acquisition with the commands being executed at each point in the 

raster.  The parameters that control the exposure time and the number of exposures 

summed to make each spectrum are selected in HoloGRAM.  These controls are mirrored 

in the NSOM control program GUI to allow easy coordination of the exposure process.  

The only signal that passes between the two computers during an actual experiment is the 

TTL signal that originates in the NSOM control program and passes directly to the CCD 

on the Kaiser spectrometer.   
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It is often useful to take multiple exposures at each point in order to reduce or 

remove anomalous peaks caused by cosmic rays and increase signal-to-noise ratio in the 

Raman spectrum.  Cosmic rays are high energy photons that pass through most matter 

without interaction.  In rare instances these photons will interact with the CCD detector 

of the spectrometer.  These photons create narrow high- intensity peaks at random points 

in the spectrum due to their limited interaction range on the pixel array of the CCD, 

usually only a single pixel is affected.  Raman spectra are particularly susceptible to 

cosmic ray events due to the long exposures required for each spectral acquisition.  

HoloGRAM offers a cosmic ray removal routine that greatly diminishes the number of 

spurious peaks in the acquired spectra.  The cosmic ray removal routine acquires twice as 

many exposures for every spectrum that is produced.  The extra exposures are then 

compared with their counterparts, and any random or anomalous peaks that do not appear 

in both exposures are removed.  This method doubles the total scan time in order to 

alleviate a problem that only interferes with strain measurements if the cosmic ray 

appears in the pixels that comprise the region of spectral interest.  It is often desirable to 

increase signal-to-noise ratios in a spectrum by summing multiple CCD exposures.  The 

random background noise of a spectrum is proportional to the square root of the number 

of exposures that generate the spectrum while the actual signal accumulates directly 

proportional to the number of exposures that generate the spectrum.  In this manner, the 

summation of four exposures effectively doubles the signal-to-noise ratio of the resulting 

spectrum.  The GUI of the NSOM control program allows the user to control both the 

cosmic ray removal and exposure summing acquisition options offered by HoloGRAM. 

When the HoloGRAM computer is in slave mode a TTL signal is required for 

every exposure, even if multiple exposures are being summed at each point.  The TTL 

signal must go from low to high at the beginning of the exposure and back to low again 

before the end of the exposure in order to prime the CCD for the next exposure.  The 

TTL pulse is coded in conditional form such that the first 0.5 seconds of every exposure 
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are assigned a 5 V state and thereafter the signal returns to the ground state.  The NSOM 

controller references the sample surface with the z piezo before each exposure of the 

CCD.  A sub-VI counter coordinates the spectral acquisition during the experiment by 

keeping track of how many exposures periods have elapsed at each point in the raster or 

retraction curve.  This simple ground and 5 V voltage structure for TTL is generated by 

the NI-6052E in order to evenly divide the workload between boards and the voltage 

signal is routed directly onto the external trigger connectors of the CCD.   

The NSOM controller GUI mirrors the controls that appear in Holograms.  

Exposure time, multiple exposures and cosmic ray removal are easily changed in the GUI 

and automatically accommodated for when the NSOM controller generates the TTL 

signals for spectral acquisition. 

COARSE AND FINE Z APPROACH 

The NSOM control program is responsible for the x-y positioning and the z-axis 

positioning.  The control program monitors the feedback signal from the lock- in amplifier 

and controls the z-axis voltages with a NI-6052E computer board.  The feedback response 

is determined by a proportional- integral (PI) loop written in the control program.  The 

control program actuates the coarse approach z stepper motor with an Active-X protocol 

supplied by Thorlabs.  The Active-X protocol is a module of code that embeds in the 

Labview control program that duplicates the appearance and functionality of the motion 

control software provided for the stepper motor by Thorlabs.  Embedding this protocol 

allows the NSOM control program to use the stepper motor in automated routines and to 

preset certain values that affect the aspect of the stepper motor motion profile.  For 

instance, upon startup the control program automatically initiates the stepper motor 

settings to the minimum possible step size, 40 nm, and zero backlash correction.  All of 

the other functions of the stepper motor that are typically controlled by the Thorlabs 

motion control software can function while the NSOM controller while-loop is running.   

The forward motion of the stepper motor is automated by the NSOM controller during 
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the coarse approach.  The control program initiates forward steps every X.x seconds.  

This time interval is a user controlled variable but for optimal performance it has to 

include the entire acceleration and deceleration of the stepper motor.  We prevent the step 

commands from becoming stacked in queue by allowing the stepper motor enough time 

to complete its entire motion profile.  If the commands did become stacked the stepper 

motor would continue to move forward even if the feedback signal indicated that the 

switch to the z piezo should be made.  The control program monitors the feedback signal 

from the lock- in amplifier with a PI loop during the coarse approach.  The controller 

program switches control from the stepper motor to the z piezo element for fine distance 

control when the feedback signal indicates that the tip is beginning to interact with the 

sample surface.  The stepper motor exhibits no detectable drift after control is switched to 

the z piezo element.  

RASTER CONTROL OF X AND Y 

The x-y scanner is driven by a bipolar ± 10 V signal with millivolt resolution that 

is amplified to voltage levels that yield a functional scan range, 40 µm.  The control 

program uses the scan dimensions divided by the number of points per row in the raster 

pattern to determine the lateral distance between each raster point.  The NSOM controller 

allows the user to generate custom raster patterns by modifying the voltage limits, voltage 

offsets, and by choosing the number of points per raster row.  These variables determine 

the lateral separation of the points in the raster pattern.  It saves time to locate structures 

with shear- force scans before attempting to acquire Raman spectra at each point in the 

raster pattern.  In this manner a topographic map of regions of interest can be generated, 

minimizing the total scan time while accumulating spectra.  The NSOM controller GUI 

includes x-y voltage offset controls that allow the user to adjust the corner points of the 

scan region after the voltage coordinates of the objects of interest in the scan have been 

identified.  This feature allows the scan to zero- in on points of interest on the sample 
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surface without having to acquire spectra at every point that precedes the region of 

interest in a complete raster. 

Line scans are generally useful for AFM calibration and quick acquisition of high 

spatial resolution spectra across broad surfaces.  The square raster pattern, many parallel 

rows, may be modified into multiple passes along a single line in instances where data 

from a single line of points across the sample is desired.  The NSOM controller is 

designed to accommodate a variable number of points per line, the total length of each 

line ranging from ± 10 V, and an offset that places the line anywhere along the x and y 

axes.  The controller GUI offers a graph of the voltage pattern that will be produced on 

the x and y axes during the scan to double check the user’s mathematical intuition.  These 

features facilitate the discovery of features of interest and greatly reduce time lost to 

unnecessary spectral acquisition.   

RETRACTION CURVES  

In NSOM the lateral spatial resolution is dependent upon the diameter of the tip 

aperture.  The aperture diameter can be estimated by measuring the exponential decay of 

the scattering signal as the aperture is drawn away from the surface. [19]  The final 

feature of scanning motion involves measurement of the z component of the evanescent 

fields at the aperture.  The aperture diameter is determined by fitting an exponential curve 

to a graph of the scattering counts as a function of tip-sample separation. [19,35,56]  The 

x and y voltages are held stationary at 0 V during the retraction curve.  To acquire a 

retraction curve, the NSOM controller finds the voltage value on the z axis where the 

feedback signal shows that the tip has engaged the surface and then moves to a certain 

tip-sample separation where it signals an exposure of the CCD.  The GUI of the NSOM 

controller allows the user to choose the number of points in the retraction curve, how 

many nanometers each retraction step will move and how many retraction curves will be 

obtained in the experiment.  This moves the tip away from the sample surface with a 

linear retraction from the feedback reference point that is measured by the NSOM 



 62 

controller.  The controller program reestablishes the tip-sample interaction between each 

exposure to verify that piezo creep and hysteresis effects along the z-axis are minimized.  

This ensures a linear increase in the tip-sample separation with each step in the retraction 

curve.  The accuracy of the z-axis positioning is the basis of the exponential curves that 

determine the aperture diameter.  The controller can be set to take data for multiple 

retraction curves without interruption to demonstrate the reproducibility of the retraction 

curves.  In this case the tip follows the linear retraction from the sample surface until the 

completion of the retraction curve and then follows a linear approach to the surface 

according to the same surface reference protocol that applies to the retraction curve.    

FEEDBACK-LOOP LOGIC AND PERFORMANCE 

High sampling rates ensure that the control loop can respond quickly to changes 

in the tip-sample separation.  The NI-6052E computer board performs this task because it 

is capable of 333 kS/s with millivolt resolution in both the analog input and output 

signals, see Figure 4.2.  This ensures that the time resolution, and thereby the response 

speed, of the feedback loop is limited by the execution speed of the control program, and 

not its ability to obtain feedback information from the lock-in amplifier and write output 

signals. 

The feedback signal, 0-10 V from the lock- in amplifier, is interpreted by the 

NSOM controller program to regulate the tip-sample separation.  As the tip approaches 
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Figure 4.2:  A flow chart showing the path of the feedback loop that controls tip-sample 
separation.  The lock- in amplifier generates a sine wave (green arrows) of a 
certain frequency and amplitude.  The sine wave causes the dither piezo to 
expand and contract.  The motion moves the tuning fork with the NSOM tip 
attached, in turn generating a minute current (blue arrows).  Interactions 
with the sample surface cause the amplitude of this current to decrease.  The 
current is amplified by a Cremat CR110 charge sensitive preamp and then 
returned to the lock- in where it is measured according to frequency, 
amplitude, and phase.  The SRS-810 generates a DC 1-10 V signal (red 
arrows) that is routed to the NI-6052E computer board.  The control 
program uses the NI-6733 computer board to generate a 0-10 V with mV 
resolution. This is amplified by a factor of 10 by the Thorlabs MDT694A 
piezo driver.  The amplified signal controls the z piezo, in the range 0-1µm, 
changing the tip-sample separation (magenta arrow) and thereby responding 
to the tip interactions with the topography of the sample.  
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the surface to within shear- force distance, the frequency and phase of the vibration in the 

tuning fork are shifted due to shear- forces experienced by the tip. [49,50]  The NSOM 

controller uses the lock- in amplifier X output, the cosine of the phase multiplied by the 

amplitude at the locked frequency, to determine tip proximity to the surface. [28,45]  

Under these conditions the output signal of the lock- in amplifier decreases as the tip 

reaches the shear-force distance regime.  The controller program must be able to 

determine a genuine drop in feedback signal that indicates shear-force interaction from 

random spikes, drift, or other noise in the feedback signal. 

The interpretation of the feedback signal is not difficult when the tip-sample 

separation is under feedback control of the z piezo.  Under these conditions the entire 

structure that comprises the NSOM module is stable and stationary, exhibiting no 

significant mechanical vibration and no electromagnetic field effects that might interfere 

with the feedback signal amplitude. [55]  The lack of significant physical disturbances, 

such as vibration and thermal fluctuation, in the NSOM module allows the feedback 

signal to remain stable over long periods of time, the course of days.  However, during 

the coarse approach of the sample surface to the tip, the jerk of the stepper motor 

acceleration with each step creates vibrations in the NSOM structure that can be detected 

by the tuning fork force sensor.  These vibrations create weak variations in the feedback 

signal that can be seen to directly correlate with the motion of the stepper motor because 

they desist when stepper motor motion ceases.  These random oscillations can take on 

amplitudes of roughly three to four times the peak-to-peak noise of the signal and have 

wide variation in the sign and slope of the deviations.  In addition to these random 

oscillations, the feedback signal frequently undergoes large, rapid negative spikes in 

amplitude tha t may correspond to acceleration or locking of the stepper motor with each 

step.  These negative spikes are very similar in size and shape to the feedback signal 

generated when the tip interacts with the sample under piezo control with the exception 

that they are independent of tip-sample separation.  This means that these random spikes 
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will appear and disappear as the tuning fork motion returns to equilibrium frequency and 

phase after being disturbed by the vibrations created by the stepper motor.  The spikes 

and the oscillations associated with stepper motor motion must be ignored by the 

feedback protocol of the NSOM controller because they are only present during the 

coarse approach to the sample surface and have no relevance to the tip-sample separation.   

The indication of tip-surface interaction must be authentic to ensure that the limited travel 

range of the z piezo, roughly 0.9 µm, is in register with the sample surface or the 

experiment is automatically a failure because the tip will not engage the surface.  This 

means that during the approach the controller program must be able to discern the 

difference between the negative noise spikes and the preliminary interaction with the 

surface, and that it must have some means for tracking the actual signal against a 

wandering background that varies widely and unpredictably.  The former is relatively 

straightforward because the drift and noise during the experiment is minimal, but the 

latter is trickier because the feedback signal can drift considerably and rapidly without 

any real surface interaction during the course of the tip-sample approach. 

FEEDBACK LOOP: INTEGRAL TERM 

The NSOM controller is able to evaluate the signal on long and short timescales 

without introducing artifacts in order to differentiate the feedback signals that are 

associated with noise and those that indicate tip interaction with the sample, as shown in 

Figure 4.3.  The control program uses a series of capture windows that have a fixed time 

width and acceptance criterion to track the long term changes in the feedback signal, the 

integral term of a PI feedback loop.  The control program captures the maximum 

feedback signal during each time window in a rotating fashion, so that at any point in 

time the control program is holding N number of the most recent feedback maxima in 

reference against the current behavior of the feedback signal.  The integral captures 

maxima because they can never be mistaken for shear- force interactions with the sample 

surface that cause gradual declines in the feedback amplitude.  In this fashion the 
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controller program “floats” on top of the random waves and bumps in the feedback that 

are generated by the motion of the stepper motor during the coarse approach.  The 

program compares the most recently acquired feedback signal to the maximum of the N 

maxima being held in the rotating windows to determine whether or not the current 

feedback has exceeded a deadband; the comparison is always between the maximum of 

the N maxima and the most instantaneously available feedback value.  The deadband is a 

region of neutral space immediately below the maximum feedback value from the 

rotating windows.  The width of the deadband, a value chosen by the user, is subtracted 

from maximum of N maxima to establish a minimum acceptable value that the feedback 

signal cannot cross without generating a response from the NSOM controller.  In essence 

the deadband is a window of feedback amplitude, the top edge defined by the maximum 

of N maxima, and as long as the feedback signal stays within its boundaries there is no 

need for action from the controller program.  The deadband must be wide enough to 

contain both the oscillation and the spikes of noise generated by the motion of the stepper 

motor during the coarse approach.  The tip-surface shear- force interaction at the end of  



 67 

 

Figure 4.3:  An example of how the NSOM controller performs the integral and deadband 
of the feedback loop.  Each letter, A-F, represents an arbitrary window of 
time segmenting the feedback signal into easily managed units.  This 
example portrays an integral term set to measure the feedback signal with 
three acquired maxima, shown at the bottom labeled Acquisition Windows.  
Column A represents the start point for the measurements.  The bottom row 
of column A depicts the first capture of a maximum (red circle), at which 
point the program sets the deadband a preset amount below this maximum.  
The deadband is shown as the horizontal line (dark blue), the preset amount 
is the vertical line (bright blue) that connects the deadband to the maximum 
of that window.  In this example the maximum in column B is the same as 
that of column A, so the deadband remains unchanged.  In column C the 
maximum exceeds the two previous maxima in the revolving collection 
window and the deadband position is recalculated to a higher value.  In 
columns D and E, the maxima do not exceed the maxima of the revolving 
window and the deadband remains unchanged.  However, in column F the 
maximum from window C is discarded and the new maximum for the 
calculation is the maximum from window E.  In the middle of column F the 
feedback signal drops below the deadband, shown by the vertical green line.  
At this point the program ceases to collect maxima until the feedback signal 
comes back above the deadband.  
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the coarse approach generates a much larger decline in the feedback signal than the 

random spikes, and is easily recognizable using the deadband method.  After the coarse 

approach switches over to the governance of the z piezo the controller program narrows 

the deadband in order to maximize sensitivity to the smaller tip-sample interactions 

generated by the high z resolution of the piezo.  The deadband and N-maxima method is 

an extremely stable way to measure the location of the actual feedback signal during the 

coarse approach and the actual process of surface scanning. 

Typical NSOM controllers employ proportional- integral (PI) control loops to 

regulate the tip-sample separation.  These control loops drive the tip toward the sample 

surface and aim to achieve diminished signal amplitude of certain proportion, usually on 

the order of 90% of feedback amplitude while the tip resonates in free-space.  The 

controller uses feedback to maintain the preset proportion and, in doing so, holds the tip-

sample separation roughly constant.  The execution of this type of loop maintains 

constant drag, or shear force, on the aperture surface of the tip.  The aperture of the tip is 

the most inherently important part of an NSOM.  The quality and condition of the 

aperture dictate both lateral spatial resolution and signal-to-noise ratio in both the shear 

force and the spectroscopic resolution of the sample surface.  Any damage to the tip 

reduces the lateral resolution, increases the noise, and changes the response curve of the 

tip-sample interactions by changing the surface of the tip that creates the frictional 

interaction with the sample.  This means that even subtle damage creates widespread 

decline in the super-resolution capabilities of the tip.  Holding the tip within range of the  

tip-sample frictional forces will cause more frequent tip collision with the sample surface 

and unnecessary damage.  The feedback loop designed for the NSOM control program 

uses a very brief interaction in the shear- force regime to place the aperture of the tip at a 

constant distance from the sample throughout the course of the scan. [26]  This feedback 

method has some aspects of a proportional- integral (PI) cont rol loop but it employs an 

open- loop configuration that removes the tip from harms way throughout scan.  This 
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method would not be practical for implementation in a scan that employed a more 

efficient contrast mechanism than Raman scattering because the dwell time at each point 

in the raster would be much shorter.  The time spent on the extra steps required to provide 

open- loop positioning comprise a very small percentage of the total scan time of a Raman 

NSOM. 

FEEDBACK LOOP: PROPORTIONAL TERM 

  A setpoint is a single value in the range of system output that is defined as a 

target for the control process.  The control loop executes modifications to the system 

output in an effort to keep it as close to the setpoint as possible.  The proportional term P 

in the proportional- integral, PI, control can be thought of as a mechanism that amplifies 

the feedback response of the control loop based on the distance between the current 

feedback position and the setpoint.  The function of the proportional term is to quicken 

the response of the feedback loop in order to maximize the time spent at the setpoint. 

This minimizes damage sustained by the NSOM tip.  In typical NSOM control loops the 

system output is the voltage that controls the height of the tip above the surface and the 

setpoint is the reference point chosen on the response curve of the tip.  The control loop 

constantly modifies the z voltage to maintain the chosen setpoint of the tip response, also 

known as closed-loop operation.  The method employed by our NSOM controller 

employs an open-loop positioning routine that uses the feedback signal as a reference for 

the position of the tip during the spectral acquisition and a multiplicative modifier that is 

proportional to the difference between the target tip height and the z voltage when the 

feedback signal indicates tip-sample interaction. 

The NSOM controller uses an open-loop positioning system to generate constant 

separation in the raster scan. The voltage difference between the point of tip engagement 

with the surface and the user defined tip-sample separation during each exposure is used 

to generate a proportional term that prevents damage to the tip.  The open- loop 

positioning works by approaching the surface until shear-force interaction between the tip 
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and sample is established, and then retracting the tip to a safe height on the z axis.  The 

retraction height, H, is the same for each point in the scan and the final position on the z 

axis at each point in the scan is based on the frictional force reference point on the z axis 

plus H.  The proportional term, P, is multiplied by the normal piezo voltage ve locity and 

takes the form 

P = (T – E)3   for (T - E) > 1     (6.1) 

P = 1   for (T - E) ≤ 1     (6.2) 

where T is the target voltage that sets the tip height above the surface, H, and E is the  

voltage when the feedback value from the lock- in drops below the minimum value of the 

deadband.  After the feedback signal indicates that the tip is interacting with the surface, 

the form of equation 6.1 initiates a rapid initial change in the position of the tip that 

gradually slows down as the target tip-sample separation is achieved.  The conditions of 

equation 6.2 dictate that the rate of voltage change never drops below the normal piezo 

voltage velocity.  The modified PI feedback loop of the NSOM program accurately 

measures and positions the tip in proximity to the surface of the sample and prevents any 

accidental contact between the tip and sample while the NSOM acquires a spectrum at 

each point.  In this manner the control loop prolongs the life of the tip by preventing 

aperture damage and simultaneously allows accurate near-field spectroscopic 

measurement by maintaining the interaction between the evanescent fields of the tip and 

the sample.  
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Chapter 5: Results 

APERTURE M EASUREMENTS 

Nearfield optical microscopy depends heavily on aperture diameter for lateral 

resolution.  The minimum achievable lateral resolution of the NSOM is considered to be 

equivalent to the aperture diameter.  During an experiment, aperture diameter can be 

determined by measuring decay of the scattering counts produced as the tip approaches 

and is withdrawn from the sample surface.[19,35,56]  The decay length, l ,  of an 

exponential curve fit to the scattering counts, I, depends directly on the diameter of the 

aperture of the tip, d, according to the following equations: 

l
z

eI
−

=         (5.1) 

and  

l3=d .        (5.2) 

We generated retraction curves on diamond and silicon to demonstrate near-field 

resolution using Raman spectroscopy as a contrast mechanism.  Retraction curves were 

performed on chemical vapor deposition (CVD) diamond crystal, (111) face, to verify 

that the NSOM was capable of functioning at near- field distances.  After successfully 

showing that we could reproducibly obtain a retraction curve on a diamond surface we 

attempted to obtain retraction curves on silicon surfaces.  A series of experiments 

intended to demonstrate a retraction curve on silicon met with failure.  The final 

experiment, in which we tilted the sample by a few degrees with respect to the axis of the 

experiment, provided an interesting set of results.   

DIAMOND RETRACTION CURVES  

Retraction curves were measured on CVD diamond with summed spectra 

consisting of five, 200 second exposures with 15 µW of power measured at the aperture 

of the tip before and after the experiment.  Each retraction curve consists of 45 spectra 
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separated by 5 nm along the z axis.  Four retraction curves were acquired in immediate 

succession to ensure that changes in the scattering counts were the result of tip proximity 

to the surface, not fluctuations in laser power or laser coupling efficiency into the NSOM 

fiber.  The NSOM control program verifies the z position before each exposure to 

minimize drift and hysteresis at each point in the curve.  A typical diamond spectrum 

from the retraction curve is shown in Figure 5.1.  Figures 5.2 and 5.3 show complete, 45 

spectra, retraction and approach curves.  The scattering intensity from each of the 45 

spectra at 1331.7 cm-1 was plotted against the z-axis height of the tip in these figures.  

This energy (cm-1) was chosen because it was the location of the diamond peak in the 

first spectrum of the retraction curve experiment.   

To fit these curves with exponentials for the determination of l , an offset was 

applied to the intensity values to bring the bottom edge of the curve close to zero.  The l  

parameter of the two curves was determined to be 117 nm and 102 nm respectively.  This 

implies an aperture diameter of 353 nm and 306 nm respectively and that the spectra 

obtained in the experiment are in the near- field.  

 

Figure 5.1:  A representative CVD diamond Raman spectrum from a retraction curve 
experiment.  The details of this experiment are explained in the text. 
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Figure 5.2:  A retraction curve on CVD diamond to estimate the diameter of the tip 
aperture.  The exponential curve that best fits these points is given by the 
equation: y = 24.5 e-0.0085x, indicating that l = 117 nm and the aperture 
diameter is 353 nm.  The details of this experiment are given in the text. 

 

Figure 5.3:  An Approach curve on CVD diamond to estimate the diameter of the tip 
aperture.  The exponential curve that best fits these points is given by the 
equation: y = 35.3 e-0.0098x.  The curve fit indicates that l = 102 nm and the 
aperture diameter is 306 nm.  The details of this experiment are given in the 
text. 
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SILICON RETRACTION CURVES 

The results of the retraction curves on silicon are completely contrary to our 

expectations.  The scattering counts that we have measured increase exponentially as the 

tip-sample separation increases, whereas they should decrease exponentially with 

increasing tip-sample separation.  The silicon sample for the retraction curve was a 

fragment that was broken off of a blank and unstrained wafer.  The experiment was 

performed with 20µW of power at the aperture.  We plotted the peak intensities at 519 

cm-1 against the tip-sample separation to generate the retraction and approach curves.  We 

were unable to obtain silicon scattering counts from this sample until we mounted the 

sample with a small angle of tilt, with the open side pointed towards the light collection 

optics.  With the small angle opening facing up, the collection objective has a more direct 

line of sight to the interaction point of the tip and sample, see Figure 5.4.  We also 

believe that this gap allows the scattered light to escape the waveguide-sample interface 

that is created when the tip is positioned at shear-force height.   

The silicon counts in the retraction curves increase exponentially with increasing 

z-axis height.  There is significant variation in the signal-to-noise ratio of the spectra that 

comprise the retraction and approach curves that we show here.  A silicon spectrum that 

depicts one of the highest signal-to-noise ratios in either curve is shown in Figure 5.5 and 

a spectrum that shows our lowest signal-to-noise ratio is shown in Figure 5.6.  It should 

be noted that the highest signal- to-noise ratio is observed at the maximum tip-sample 

separation during the retraction curves, whereas the lowest signal- to-noise ratio is 

observed well within typical near- field working distances.  These retraction and approach 

curves are shown in Figures 5.7 and 5.8 respectively.  While neither of the retractio n 

curves provides numbers that can verify the near- field aspect of this experiment, we 

assert that the sequential nature of the diamond and silicon experiments indicates that the 

spectrum shown in Figure 5.6, when the tip was nearest the surface, is of near-field 

origin.[40]  Other experiments and have attained similar results while performing 
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retraction curves on aluminum metal [56] and  inversion of the expected scattering counts  

due to close proximity to a sample with high permittivity has been shown in theory. [57] 

 

Figure 5.4:  The tilted sample geometry used to collect silicon scattering.  A wedge, 
shown in green, is built up under one side of the silicon in such a manner 
that a gap opens between the metal coating of the tip and the surface of the 
silicon.  The sample is angled such that the gap opens toward the light 
collection optics, facilitating the collection of scattering counts. 
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Figure 5.5:  A representative far- field silicon spectrum from a retraction curve 
experiment showing our highest signal-to-noise ratio.  The details of this 
experiment are explained in the text. 

 

Figure 5.6:  Silicon spectrum obtained during a retraction curve experiment 
demonstrating our lowest signal-to-noise ratio.  The tip is within 30 nm of 
the sample surface and was previously demonstrated to have an aperture 
diameter of approximately 315 nm.  This leads us to conclude that this is a 
near-field spectrum on silicon.  The details of this experiment are explained 
in the text. 
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Figure 5.7:  Silicon retraction curve intended to demonstrate near- field Raman spectra.  
The details of this experiment are explained in the text. 

 

Figure 5.8:  Silicon approach curve intended to demonstrate near- field Raman spectra. 
The details of this experiment are explained in the text. 
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SILICA SCATTER  

 It is interesting to note that the background in a silicon spectrum bears a 

significant characteristic in common with the background in a diamond spectrum.  We 

have thoroughly documented the scattering signature of SiO x in the NSOM fiber because 

it manifests very strongly in the region from 175-850 cm-1, as shown in Figure 5.9.  The 

silicon phonon, 520 cm-1, appears near the peak of the SiOx scattering from the NSOM 

fiber. In far- field spectra, tip-sample separations greater than 200nm, the silicon peak 

appears against a massive SiO x background.  The diamond phonon at 1332 cm-1, appears 

at an energy far removed from the SiO x background.  The NSOM fiber scattering is still 

observed in diamond retraction curve spectra, but at scattering intensities greatly reduced 

from spectra acquired on silicon.  In comparison, the ratio of SiO x scattering observed in 

silicon spectra to that occurring in diamond spectra is very high, almost a factor of 10.   

There is one strong similarity between the SiO x scattering intensity on both 

sample types.  Diamond and silicon retraction curves demonstrate very similar 

exponential increase in the SiO x scattering as a function of tip height above the surface.  

The relationship between scattering counts at 450 cm-1 and tip height is shown in Figure 

5.10 for silicon and Figure 5.11 for diamond.  The onset of increasing spectral intensity at 

450cm-1 begins at roughly 175 nm tip height and exhibits extremely similar exponential 

increase with tip-sample separation on both diamond and silicon.   

Assuming that the diameter of the aperture did not change much from the 

diamond experiment to the silicon experiment, the dependence of the silica scattering on 

tip-sample separation in these spectra appears to be a unifying constant.  I propose that 

this behavior is dependent on both the reflectivity of the sample surface and the excitation 

wavelength.  The intensity of the NSOM fiber scattering increases as the reflectivity of 

the sample surface increases and the onset of the exponential increase in fiber scattering 

seems likely to shift to smaller tip-sample separations when the excitation wavelength 

decreases. 
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Figure 5.9:  Raman scattering from the NSOM fiber and a silicon surface. 

 

Figure 5.10  SiO x intensity at 450 cm-1  from silicon retraction curves.  In conjunction 
with Figure 5.10 these plots demonstrate a common trend in the fiber 
scattering vs. tip-sample separation.  The method of generating these curves 
is described in the text.  
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Figure 5.11  SiO x intensity at 450 cm-1 from diamond retraction curves.  In conjunction 
with Figure 5.09 these plots demonstrate a common trend in the fiber 
scattering vs. tip-sample separation.  The method of generating these curves 
is described in the text. 

CONCLUSIONS 

We were able to obtain retraction curves on CVD diamond surfaces that indicated 

aperture diameters of less than λ/2.  Our attempts to obtain retraction curves from silicon 

surfaces were largely unsuccessful.  We believe that decreasing the excitation 

wavelength, changing from near I.R. to blue or near U.V., would increase the efficiency 

of this technique the most.  This simple change would increase scattering counts 

according to the ν3 scattering dependence of the Raman technique.  It would also increase 

tip throughput by increasing the propagation length in the tip taper, and it would probably 

increase the probability of collecting scattering counts by reducing the waveguide cut-off 

effect caused by the intersection of the metal tip coating with the reflective surface. 
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