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1 Introduction 

Standard optical microscopy is the most widely used tool for the 

observation of objects. It is very appreciated because it allows seeing into 

volumes, is noninvasive, fast, and has many different contrast 

mechanisms such as intensity, color, polarization and phase. All these 

signals give different information about the nature of the sample. 

Unfortunately the resolution of these microscopes is limited by diffraction 

to around half a micron for visible light [I]. More complicated confocal 

microscopes, which illuminate the sample locally instead of globally, 

achieve a resolution of 0.2 microns [2]. In some particular application 

fields, however, this resolution is not enough. These limitations have 

triggered the development of Scanning Near-field Optical Microscopy 

(SNOM) which can generate optical as well as topographical images of a 

sample surface with a lateral resolution in the nanometer range. An 

important application field of SNOM is the observation of biological 

samples such as stained tissue sections and living cells. Furthermore 

special fluorescent-labeled molecules and the local magnetic properties of 

thin-films can be studied. SNOM also plays a role in high-density optical 

data storage where the reading and writing of nanometer sized structures 

is required. An overview of the current development state of SNOM and 

its application fields can be found in [3]. 

Like all other scanning probe microscopy (SPM) methods, SNOM relies 

on a miniaturized probe scanned across the surface of the sample within 

very close distance to it. At each point on the sample a certain physical 

signal is measured, and finally the image is reconstructed in a computer 

point by point. For example a Scanning Force Microscope (SFM) or 
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Introduction 

Atomic Force Microscope (AFM) uses a sharp tip at the end of a soft 

cantilever to probe the surface. The forces acting between the tip apex and 

the sample surface are detected by measuring the deflection of the 

cantilever. In the case of SNOM, the signals of interest are the local 

optical intensity, phase and polarization. As in all other scanning probe 

techniques, SNOM requires an extremely precise control of the distance 

between the probe and the sample surface. The aim being to keep the 

distance between the probe and the sample constant and small enough 

(keep the probe in the near field) so that the measured optical field has not 

propagated and no information is lost through diffraction. This distance 

regulation is made using another near field effect, like for example 

inter-atomic forces or tunneling currents. 

A SNOM tip usually consists of a transparent tip covered with an opaque 

metal layer into which an aperture is machined at the apex. The tip is 

scanned over the sample and the light transmitted through the aperture is 

detected. The resolution of the SNOM is largely determined by the 

diameter of this aperture. The idea of the aperture SNOM was already 

proposed in 1928 by Synge [4], but not until the early 1980's was it first 

technically realized by Pohl et al. and Dürig et al. [5]. 

Most SNOM microscopes use specially processed optical fibers as probes. 

The end of these fibers is formed into a tip either by simultaneous heating 

and pulling or by a special etching process [6,7]. Then the aperture is 

created by evaporating metal onto the tip at an angle such that the tip apex 

is not covered [7], Other processes exist where the fiber is totally covered 

with metal and the aperture is formed by locally removing it at the tip 

apex, using an etching agent [8,9] or a Focused Ion Beam (FIB) 

[10,11,12]. A drawback of these fabrication processes is they do not allow 

for a great number of probes to be fabricated simultaneously. Furthermore 
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Chapter 1 

the probes do not have reproducible properties and are delicate to handle 

because of lheir fragility. 

In most cases the distance control between the fiber-tip and the sample is 

achieved with the so-called shear force detection scheme. In this method, 

the fiber is placed vertically over the sample and oscillated laterally at its 

resonance frequency. Different forces dampen this oscillation when the 

tip apex of the fiber gets close to the surface. The dampening is used as a 

feedback signal to control the distance very accurately. Because of this 

configuration the probes are very stiff in the direction perpendicular to the 

sample surface which in turn makes them prone to damage during 

scanning. All these small disadvantages make actual SNOM microscopes 

quite difficult to use. 

For these different reasons SNOM microscopy is not yet a widely used 

tool for characterizing surfaces and its use is still limited to specialists. 

One very promising way of getting past some of these disadvantages is to 

build the SNOM sensor using well-established microfabrication 

techniques. Microfabrication was the key for the breakthrough of 

Scanning Force Microscopy and routinely enables AFM probes to be 

batch fabricated in great numbers [13]. The present thesis is motivated by 

the fact that this technology also has the potential of mass-producing 

SNOM probes in a reproducible way. Furthermore, microfabrication 

techniques allow the integration of the SNOM tip on an AFM cantilever. 

Such combined SFM and SNOM sensors make it possible to benefit from 

the precision and ease of use of an AFM microscope, with the added 

information of SNOM. 

The work of this thesis deals with the fabrication of combined SFM and 

SNOM sensors. The aim is to use microfabrication technology to produce 

new probes with improved characteristics. 
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2 Scanning Force Microscopy 

2.1 Introduction 

The scanning tunneling microscope (STM) and the scanning force 

microscope (SFM) are the two most widespread members of the SPM 

family. The first SFM also called atomic force microscope (AFM) was 

built in 1986 in California [1], four years after the development of the 

STM [2]. It consisted of a combination between a profiler and an STM. In 

contrast to the STM the AFM also allows the characterization of non­

conducting surfaces. Topography images of surfaces with a resolution 

down to the atomic scale are now routinely achieved with commercial 

instruments. 

The force sensor consists of a thin soft cantilever beam with a tip at its 

extremity. Very weak forces such as those acting between single atoms 

are measured by monitoring the deflection of this beam. Nowadays these 

probes are produced using silicon bulk micromachining. This fabrication 

technology has made it possible to build high quality probes with 

reproducible properties. Micromachining also enables deflection sensors 

or actuators to be integrated on the cantilever beam. Furthermore using 

microfabrication, probes with several cantilevers in parallel can be 

fabricated resulting in an increased imaging speed if operated 

simultaneously. 

As this thesis deals with the fabrication of simultaneous AFM and SNOM 

probes, the working principle of AFM will be briefly explained along 

with different cantilever beam deflection measurement methods. 
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2.2 Functioning of an AFM 

An AFM image is obtained by detecting weak forces acting between a tip 

and a sample. This is done using a force sensor (the AFM probe) 

consisting of a soft cantilever beam with a sharp tip at its extremity. 

When the tip is brought close to the sample surface, forces acting between 

the tip apex and the sample cause a bending of the cantilever. This 

cantilever deflection is detected and the signal is sent to a controller. The 

controller then generates a feedback signal for the scanner, the aim being 

to keep the deflection of the cantilever constant by moving the sample in 

the z direction. During scanning in x and y direction the amplitude of the 

feedback signal relative to its position on the sample is recorded in a 

computer (Figure 2.1). If contact forces are measured, this results in a 

high-resolution image of the topography of the sample. 

HT 

n 
Computer 

« — • Feedback loop 
controller 

Deflection sensor 

x, y, z, scanner V 
> , 

Figure 2. J: Schematic view of an AFM. The force is measured with a 

flexible cantilever beam. The cantilever deflection is detected and the 

force between the tip and the sample is kept constant during scanning by 

means of a feedback loop. 

The forces acting between the tip apex and the sample are of different 

nature depending on the separation distance (Figure 2.2). When the tip is 

in contact with the sample surface, repulsive ionic forces are measured. If 

the distance is increased to a few nanometers longer-range attractive 
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forces such as van der Waals, capillary and electrostatic forces deflect the 

cantilever. 

Figure 2.2: Qualitative representation of the potential encountered by a 

tip versus distance to the sample surface. In contact or very close to the 

surface, in regime I, repulsive forces are measured. In domain II and III 

longer range attractive forces are dominant. 

The AFM can be operated in different distance regimes, such as contact 

mode and non-contact mode. Furthermore imaging can be done in quasi-

static mode, or in dynamic mode depending on whether the cantilever is 

vibrated during scanning or not. Details about these techniques can be 

found elsewhere [3]. 

2.3 The AFM probe 

For high resolution imaging the AFM probe must fulfill different 

conditions: 

- The integrated tip must be very sharp. This is necessary for a good 

lateral resolution. 

- The spring constant of the cantilever has to be small enough to detect 

weak forces. 
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- The resonance frequency of the cantilever must be high to allow fast 

scanning speeds. A high resonance frequency also makes the probe 

less sensitive to parasitic vibrations. 

The seemingly contradictory conditions of high resonance frequency and 

low spring constant can be reunited by reducing the mass of the cantilever 

probe. This implies building probes that are small in size. 

Micro fabrication has proved to be the best manufacturing method for 

probes with these properties [4, 5]. Most available commercial probes are 

fabricated using bulk silicon micromachining and molding techniques. 

To increase the throughput several AFM probes can be operated 

simultaneously. This implies that each cantilever needs an individual 

actuation. Indeed as can be seen on Figure 2.3 the topography of the 

sample must be compensated for each cantilever separately. Also, when 

several cantilevers are operated in parallel, the deflection measurement 

method must be very compact. Integrating an actuator and a deflection 

sensor on each cantilever can solve this problem. A potential application 

for cantilever arrays is high-density data storage with increased 

throughput. 

Figure 2.3: AFM imaging with several levers in parallel. Each cantilever 

must be actuated separately. 
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Chapter 2 

2.4 Deflection measurements 

As previously mentioned the deflection of the cantilever must be 

measured very precisely. This can be done in different ways. 

2.4.1 Laser beam deflection 

The most commonly used method is the laser beam deflection method. 

Here a laser beam is focused on the backside of the cantilever and the 

reflection of this beam is directed to a segmented photodiode. When the 

cantilever is deflected the reflection of the beam changes its position on 

the photodiode [6]. This implies a change in the photo-current generated 

in each segment. This method is very simple, sensitive and easy to apply. 

2.4.2 Interferometer 

The cantilever deflection can also be measured by interferometry. This 

can be done, for example, by reflecting a laser beam from a closely placed 

optical fiber onto the backside of the cantilever [7, 8]. This measurement 

method is precise, however adjusting the fiber proves to be difficult. 

2.4.3 STM tip 

This method was chosen for the realization of the first AFM. A tunneling 

tip ¡s mounted close to the backside of the cantilever and a voltage bias is 

applied [I]. High resolution is obtained by measuring the changes in 

tunneling current but as for the interferometer method, handling proved to 

be difficult. Furthermore, when performed in air, force measurements are 

not reliable. 

2.4.4 Capacitance 

A capacitance can be created by placing a rigid counter-electrode behind 

the cantilever. The cantilever deflection is then measured by the change in 

capacitance it induces. Because the capacitance can also be used for AC 
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and DC actuation, this detection method is suitable for the fabrication of 

cantilever arrays for parallel imaging [9, 10, H]. Drawbacks of this 

method are a high sensitivity to noise and a small actuation amplitude. 

2.4.5 Piezoresistive effect 

The resistivity of silicon changes with applied stress. This effect can be 

used by placing a doped, U-shaped silicon resistor, on the cantilever base 

[12]. Such detection elements are very sensitive, easy to make, compact 

and have successfully been used for parallel imaging [13]. 

The gate of a CMOS transistor is also sensitive to stress and thus can be 

used as a deflection sensor. Details about this method can be found in 

[14]. 

2.4.6 Piezoelectric effect 

A piezoelectric element integrated on the cantilever can be used for 

detection of the cantilever deflection as well as for actuation [15, 16, 17]. 

These probes are suitable for parallel imaging. However, their weakness 

lies in the quality of the piezoelectric material and the complicated 

fabrication process. 

a) 

« * e) f) 

Figure 2.4: Different cantilever deflection measurement techniques, a) 

laser beam deflection, b) interferometry, c) tunneling tip, d) capacitance, 

e) piezoresistive, f) piezoelectric. 
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2.5 Conclusion 

Scanning Force Microscopy is a well-established characterization method. 

Its flexibility and precision makes it a useful tool in many application 

fields. 

The AFM probes are produced using silicon bulk micromachining 

technology. This same technology enables sensors and or actuators to be 

integrated on the cantilever. By doing this, measurements in vacuum or in 

a liquid environment are simplified. Also, the integration of actuators and 

deflection sensors makes it possible to increase the throughput by 

scanning with several cantilevers in parallel. 
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3 Principies of SNOM microscopy 

3.1 Introduction 

The resolution of standard optical microscopy is limited by diffraction to 

about half the wavelength of the light. This resolution can be drastically 

improved by reducing the size of the detector, and by decreasing the 

distance between the sample the detector, i.e. moving the detector into the 

near-field. Decreasing the distance between the sample and the detector 

allows one to collect evanescent (non-propagating) high order 

components of the optical field. Ideally both size of the detector and 

distance between the sample and detector should be much smaller than the 

wavelength of the observed light. This basic principle was proposed in 

1928 already by Synge [1] followed in 1955 by O'Keefe [2]. But at that 

time technology was not sufficiently advanced to overcome the 

fabrication difficulties of such a microscope. 

In this chapter, the working principle of SNOM and its different modes of 

operation will be explained. A good review concerning these subjects can 

be found in [3]. 
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3.2 Near-field imaging 

In a conventional optical microscope the image is formed by a succession 

of lenses which build an enlarged image from propagating light waves 

coming from the sample. Because of the wave nature of light and the 

finite size of the lenses, the resolution of such a system is always limited 

by diffraction. Abbe's [4] equation gives the minimum distance between 

two objects which can still be resolved: 

1 Y = 0.6U = 0.6U 
«•sin 9 NA 

Equation 3.1: Abbe's equation showing the resolution that can be 

obtained with an optical system. ). is the wavelength of the light. NA is the 

numerical aperture of the lens system. NA is a function of the refractive 

index, n, and the maximum angle, 9, at which light can still enter the lens 

system. 

A good standard optical microscope typically has a numerical aperture of 

NA = 0.9 in air (n =1). This leads to a maximum resolution of about 

400nm for visible light. 

In 1928 H. Synge proposed the following concept to get past the 

diffraction barrier. The idea is to illuminate the sample through a very 

small hole in an opaque screen and observe the transmitted light. The 

screen has to be brought into the near-field of the surface (at a distance 

much smaller than the wavelength of the light). The aperture is then 

scanned over the whole surface and the image is reconstructed during this 

probing. 
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The distance between the screen and the sample has to be much smaller 

than the wavelength of the light and kept as constant as possible during 

scanning. The resolution is, then, essentially determined by the diameter 

of the aperture. The whole imaging scheme can also be inverted and the 

sample illuminated globally from the backside. The aperture, then, acts as 

a small window through which the sample is observed. 

Figure 3.1: Basic principle of near-field microscopy as proposed by 

Synge. The sample is illuminated through a small aperture in an opaque 

screen, which is held very close to the sample surface. The transmitted 

light is observed from the backside. 

During scanning, the aperture must stay within close and constant 

distance to the sample surface. This is difficult to do using a flat screen 

with an aperture, especially if the surface of the sample is not perfectly 

flat. Placing the aperture at the end a sharp tip ensures access to the 

sample and facilitates the distance control. As the intensity of the light 

transmitted through the aperture is very small, a powerful light source 

must be used in order to have enough signal. A laser light source is an 

obvious choice. 
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3.3 Modes of operation of a scanning near-field probe 

3.3.1 Illumination mode 

In this mode of operation, the aperture is used as a localized light source, 

which illuminates the sample. The light that reaches the detector contains 

the optical information of only a very small part of the sample surface. 

The tip is scanned over the sample and the image is reconstructed point by 

point. In this configuration the light source is in the near-field and the 

sample must be transparent. Illumination is the most commonly used 

imaging mode. 

/ \ \ 

Figure 3.2: Operation in illumination mode. Tfie aperture is used as a 

point source to illuminate the sample. Light transmitted through the 

sample is detected in the far-field. 
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3.3.2 Collection mode 

This is the opposite configuration from the illumination mode. Here the 

aperture is used as a point-detector. The sample is illuminated in 

transmission from the backside, and only light that penetrates the tip 

through the aperture will be detected. In this imaging mode, the light is 

detected in the near-field. Only transparent or light emitting objects can 

be studied. This imaging mode is less suited for fluorescence imaging 

than the illumination mode. This is due to the fact that the sample is 

illuminated globally, which causes bleaching of the fluorescent dyes on a 

large surface. 

M 4 A A A 

Figure 3.3: Collection mode. The sample is illuminated in transmission 

and light passing through the aperture is detected. 
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3.3.3 Reflection mode 

This is the only SNOM mode, which can be used for the imaging of 

non-transparent samples. When the sample ¡s illuminated through the 

probe the reflected light is either detected through the aperture (in the 

near-field) or by a detector placed sideways (in the far-field). However 

illumination can also take place from the side, the light being detected 

through the aperture. General problems are low signal intensity compared 

to the previously described methods because of weak collection 

efficiency. Also, when the probe is used for illumination and collection, 

the signal mixes with the illumination light reflected in the tapered region 

of the probe, making detection more difficult. 

Figure 3.4: SNOM in reflection mode. When the sample is illuminated 

through the aperture, the reflected light is collected through the tip or by 

a lateral detector. It is also possible to illuminate the surface from the 

side and collect reflected light through the aperture. 
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3.3.4 Photon Scanning Tunneling Microscopy, PSTM. 

An evanescent field is created on the sample surface by a total internal 

reflection. A dielectric tip scanned over the sample surface frustrates the 

total internal reflection and propagating waves are generated inside the 

tip. As the evanescent field decays very rapidly with distance imaging can 

also be done with a pointed probe having no aperture. 

Figure 3.5: Photon Scanning Tunneling Microscope (PSTM). An 

evanescent field is created by total internal reflection, on the sample 

surface. The field is then probed by a dielectric tip with or without 

coating. 

3.4 Conclusion 

To be implemented, SNOM needs apertures to be fabricated in an opaque 

metal screen. Their size has to be in the nanometer range for visible light. 

For practical reasons, the apertures should be situated at the apex of a 

sharp dielectric tip. The fabrication of such a SNOM tip is a technological 

challenge, which has not yet fully been met. Main problems are 

reproducibility of aperture quality (size and shape). 
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4 Some optical characteristics of 

aperture probes 

4.1 Introduction 

An aperture probe is usually constituted by a tapered, metal covered, 

waveguide or a hollow metal tip. It is characterized by different 

parameters such as the aperture size and shape, which largely determines 

the resolution of the SNOM microscope, and optical transmission, which 

limits the maximum light intensity that can be emitted by the probe. 

4.2 Optical transmission 

When the probe is used as a localized light source, the transmission is the 

ratio between the optical power transmitted through the aperture and the 

total input power. In some particular applications such as nearfield optical 

data storage and high-resolution spectroscopy, high light intensities are an 

important issue. 

The transmission through an ideal sub-wavelength aperture is 

proportional to the sixth power of its diameter [3]. However, the 

transmission not only depends on the aperture size but also on the 

geometrical shape of the probe tip and the material it is made of. 

A SNOM tip is a tapered, metal covered waveguide. As light propagates 

towards the aperture a large part of the intensity is lost by backward 

reflections on the inclined side-walls of the probe. Furthermore, at some 

point, the width of the tapered waveguide reaches a critical diameter, 

called cut-off diameter, from where light propagation is strongly impeded 
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[I]. Light reaching this region of the probe will suffer vast losses. The 

metal constituting the coating of a real probe is not perfect. Thus, a part of 

the incident energy is dissipated and leads to local heating of the probe 

apex. For this reason, high light intensities cannot simply be achieved by 

increasing the input power. Indeed if a too high input power is used, 

melting of the metal layer, and destruction of the aperture can occur [2]. 

For a perfect waveguide with a perfect metal coating (Emctaii = <*>) the 

critical diameter dc is expressed by [3]: 

c 2n 2 m 

Equation 4.1: Criticai diameter of a perfect waveguide. X is the 

wavelength of light in vacuum and n, the refractive index of the dielectric 

material. Xm corresponds to the material dependant wavelength. 

This equation shows that the critical diameter is equal to half the material 

dependant wavelength of the light. This makes sense since the electric 

field at the interface to the perfect metal cladding must be equal to zero. 

To increase the transmission of an aperture probe the high losses 

occurring in the region between the critical diameter and the aperture 

must be minimized. This can be done by fabricating SNOM probes with 

high refractive index materials and by increasing the taper angle of the 

probes. By using high refractive index materials like, for example, 

diamond and silicon nitride, the critical diameter is reduced and, thus. 

moves closer to the probe apex and aperture. 
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The other way of reducing the distance between the cut-off diameter and 

the aperture is to modify the taper angle of the aperture probe: 

region of 
high losses 

region of 
high losses 

probe with large taper angle 

probe with small taper angle 

Figure 4.1: Comparison between two probe tips with same dielectric 

material but different taper angle. The probe with large taper angle has a 

higher transmission because the cut-off diameter is closer to the aperture. 

In brief, the transmission of an aperture probe tip can be improved by 

using a material with high refractive index and by increasing the tip taper 

angle. 

4.3 Effective aperture size 

The aperture is the most important element of the SNOM probe. The size 

of the aperture has to be small for high-resolution imaging and its shape 

has to be well known to guarantee a well-defined optical interaction with 

the sample. 

The choice of the metal used to fabricate the aperture is also important. 

The metal should have a high reflectivity in order to minimize the 

dissipation of energy and thus the heating of the probe apex (see 

paragraph 4.2). Directly linked to the reflectivity of a metal is its skin 

depth. The skin depth is the distance at which an electromagnetic wave 

can penetrate the metal until its intensity has diminished to a value of 1/e2 
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corresponding to 13 % of the original intensity [4]. This finite penetration 

depth determines an effective aperture size. A well-suited and thus widely 

used metal is aluminum. Aluminum has a short skin depth of 12.7 nm at 

X = 500 nm. Thus the effective diameter of a 50 nm aperture structured 

into an aluminum layer is about 76 nm. This skin depth also limits the 

smallest possible effective aperture size to about 30 nm. 

The thickness of the aluminum coating on the side-walls of the tapered 

probe is also important. It must be thick enough to ensure that the light 

transmitted through the metal cladding does not significantly contribute to 

the optical signal. In this work, the aluminum layers used for the coating 

of aperture probes have a nominal minimum thickness of 50 nm. An 

aluminum coating 50 nm in thickness attenuates the intensity of a light 

wave to about 4x 10"4 of its original intensity. 
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5 Conventional SNOM probes 

5.1 Introduction 

Most SNOM microscopes use specially processed optical fibers as near-

field probes. The end of these fibers is shaped into a tip and an aperture is 

then patterned over it. These fibers can be used either as a localized light 

source or as a small collector. Distance regulation between the tip and the 

sample is achieved by the so-called shear force mode. In this mode the 

end of the fiber is oscillated laterally near its resonance frequency. When 

the tip comes close to the surface, forces acting between the tip and the 

sample damp the oscillation. The change in oscillation amplitude or 

frequency is monitored and used as a feedback signal to control the 

distance. 

In this chapter fabrication methods for fiber-based SNOM probes will be 

presented along with the advantages and major flaws of this type of 

probes. 
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5.2 Shaping a fiber into a tip 

There are two principal methods used to shape fibers into tips; by heating 

and pulling and by chemical etching. Both methods are serial processes. 

That means that no large number of probes can be fabricated in parallel. 

5.2.1 Heating and pulling 

In the first method the fiber is put under a mechanical strain while it is 

locally heated by means of a gas flame or a CO2 laser (Figure 5.1). During 

pulling the fiber gets thinner and thinner until it eventually breaks, leaving 

a flat end at the apex. Parameters like pulling strength, pulling speed and 

heating power must be controlled precisely to fabricate sharp tips [I]. 

O 
O 

to 

r 

Figure 5.1: Fabrication of a tapered fiber, Simultaneous heating and 
pulling of the fiber forms the pointed ends. 

Tips produced using this method are long and have a very small cone 

angle. Because of this, they are particularly fragile and their transmission 

is low, in the range of 10~5 to 10"6 [I]. However, the surface of these tips 

is very smooth which ensures a good quality of the metal layer that will 

be deposited for the aperture formation. 
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5.2.2 Chemical etching 

The other method consists of chemically etching the fibers in an aqueous 

solution of Hydrofluoric acid (HF). The fiber is placed upside down in the 

etching solution, which is covered with a layer of immiscible solvent. The 

solvent protects the fiber after etching and prevents toxic and corrosive 

HF vapors from diffusing into the environment. The tip is formed at the 

interface between the acid and the solvent. Chemical etching allows the 

fabrication of tips with lager cone angles and thus several orders of 

magnitude higher transmission [2] than pulled fibers. Quite recently a 

technique was developed where the protective jacket of the fiber is left 

during etching [3]. This way the surface roughness usually encountered in 

chemical etching can be diminished (Figure 5.2). 

Fiber core 

Figure 5.2: Chemical etching of optical fibers into tips. The fiber end is 
dipped into an etching solution without removing the protective jacket. 
Diffusion and capillary action lead to the formation of a tip. 
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5.3 Aperture formation 

Once the end of the fiber is turned into a sharp tip, apertures are patterned 

into an opaque metal coating at the fiber-tip apex. The most common 

aperture fabrication methods giving good results are metal evaporation 

and Focused Ion beam (FIB) structuring. Because of its small skin depth 

(12.7 nm at X = 500nm) aluminum is often chosen as coating material. 

5.3.1 Metal evaporation 

During metal evaporation the fibers are placed vertically in a holder and 

rotated as metal (usually aluminum) is evaporated at such an angle that 

the apex of the tip remains uncoated (Figure 5.3). Apertures fabricated by 

this method have an irregular shape because aluminum grains form at the 

rim of the aperture. During scanning the force interaction will most 

probably take place between one of these grains and the sample surface 

and so induce an offset between the topographical ¡mage and the optical 

image. Also the size of these apertures is not very reproducible. 

Figure 5.3: Mela! is evaporated on a rotating fiber under an angle such 
that the tip apex is not covered. 
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Figure 5.4: SEM image of an 100 nm in diameter aperture formed by 
metal evaporation. Note the presence aluminum clusters at the rim of the 
aperture, (courtesy Bert Hecht) 

5.3.2 Focused Ion Beam (FIB) 

A focused ion beam can be used as a tool to structure the apex of a fully 

metal covered tip. By aiming the beam laterally at the tip, its apex can be 

sliced away until the desired aperture size is achieved. A flat end then 

terminates the probe (Figure 5.5). Best results are achieved with this 

method. Another approach is to aim the beam vertically at the tip apex 

and drill a hole into the metal layer (Figure 5.1). 

i 

A A 
FIB slicing FIB drilling Figure 5.5: A Focused Ion Beam (FIB) can be used to slice away the top 

of a SNOM probe totally covered with metal, or to vertically drill a hole 
into the tip apex. 
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Apertures fabricated by Ion-beam milling have well defined geometrical 

properties. Their size and shape can be very well controlled but their 

fabrication is a very lengthy and costly process. Each tip must be 

processed individually in a series of cutting and observation cycles. 

Figure 5.6: Top view of an aperture structured on a aluminum covered 
fiber using FIB slicing, (courtesy H. Heinzelmann) 

5.4 Conclusion 

One major drawback of these fiber-based probes is their fragility. Since 

the shear-fore distance control method implies that the fiber is placed 

vertically with respect to the sample surface it is very stiff and often 

breaks during scanning. By using special bent fiber probes the AFM 

distance control method can be applied [4,5,6]. However these probes are 

difficult to make and because of their stiffness they are inappropriate for 

some applications. A SNOM tip located at the end of a soft AFM-like 

cantilever could greatly improve this situation. Also the apertures 

fabricated by metal evaporation are not reproducible in size and shape. 

This is an important issue since the overall resolution of the SNOM 

microscope depends largely on these two parameters. Apertures fabricated 
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by Focused Ion Beam are nice but they are also very expensive and time 

consuming to produce because each tip must be processed individually. 

All above presented fabrication methods are serial processes. This means 

no large amount of probes can be fabricated at the same time with 

reproducible properties. Microfabrication techniques have the potential to 

solve these problems. Also microfabrication technology could allow 

integrating the SNOM tip on AFM cantilevers and so improve the 

distance control and lifetime of a probe. 
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6 Microfabrication of nanometer 

sized apertures 

6.1 Introduction 

The key component of every SPM probe is the SPM tip. General 

requirements for SPM tips are high aspect ratio, for good access to the 

sample and small radius of curvature at the tip apex, for high-resolution 

imaging [I]. An SNOM probe has one more demanding characteristic: its 

tip apex has to be fitted with a very small aperture structured into an 

opaque metal film. The size and shape of this aperture largely determine 

the resolution of the SNOM microscope. Making these apertures is one of 

the main difficulties encountered in the fabrication of a SNOM probe. 

This is also the case when microfabrication techniques are used. Most 

microfabrication techniques have been developed for flat surfaces and 

applying them to a structure as corrugated as a tip is not trivial. However, 

microfabricated probes have the potential to solve some of the problems 

of classical fiber-based SNOM probes, like reproducibility and quality 

and throughput. 

In this chapter, the basic microfabrication techniques needed for probe 

fabrication will be presented along with different possible 

microfabrication approaches which allow to mass-produce SNOM 

apertures in a reproducible way. Finally a process involving a tip effect 

for the fabrication of SNOM apertures will be presented along with 

typical results. 
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6.2 Microfabrication techniques 

All micromachining techniques have evolved from the technology 

developed for the fabrication of electronic circuits on slabs of 

monocrystalline silicon. 

6.2.1 Standard photolithography 

Photolithography is the process by which a geometrical pattern is 

transferred from a mask into a layer of photosensitive polymer covering 

the substrate. The polymer also called photoresist or simply resist, is 

sensitive to UV light and can be either "positive" or "negative" depending 

on whether the exposed parts are removed during development or not. 

The resist structures are then transferred into the underlying layer by a 

selective etching process which only attacks the unmasked parts of the 

substrate. 

Instead of using the photoresist as a mask for etching, one can also use it 

as a sacrificial layer onto which the material that is to be patterned is 

deposited. The resist is then removed in a solvent and only the material 

deposited between the photoresist structures remains on the substrate. 

Since care must be taken not to destroy the resist structures, this so-called 

"lift-off process can only be used for the structuring of materials 

deposited at low temperatures such as metals for example. 

Photolithography is the basic procedure in microfabrication and usually 

precedes every step involving a chemical or physical etching of the 

substrate. 

When higher resolution is needed other lithography methods exist such as 

Electron Beam lithography (E-Beam), or X-ray lithography. 
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6.2.2 Silicon bulk micromachining 

Techniques have been developed that allow three-dimensional structures 

to be "carved" out of the silicon substrate. Here, the two most common 

silicon bulk micromachining methods are presented. 

6.2.2.1 Anisotropic etching of silicon 

Certain chemical compounds attack given crystallographic silicon planes 

faster than others. Potassium Hydroxide, KOH, is one of those substances 

[2]. This kind of anisotropic wet etching is often used to make well-

defined three-dimensional silicon structures. The relative etching rate 

between crystallographic planes depends on the concentration of KOH in 

the etching bath and its temperature. The etching solution used during this 

work was an 40% aqueous KOH solution heated at 600C. The materials 

used for masking during KOH etching are mainly silicon oxide and 

silicon nitride, because these materials show a high etch selectivity 

against silicon. 

Silicon can also be etched isotropically in a mixture of nitric acid and 

hydrofluoric acid for example. 

6.2.2.2 Dry etching of silicon 

The term "dry etching" includes all etching techniques performed in a 

non-liquid environment. A reactive gas mixture, a plasma or an ion beam 

can all be used for the etching of silicon. Here we will focus on plasma 

etching, which is done in a reactor where a plasma is sustained. 

There exist three different kinds of plasma etching modes depending on 

whether the ions of the plasma have a mechanical and, or, a chemical 

reaction with the silicon substrate. 

During plasma etching the ions react chemically with the substrate 

forming a volatile compound. During Reactive Ion Etching (RIE) the ions 
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are accelerated towards die substrate and diere is a chemical as well as 

mechanical action. During Ion milling, the ions do not chemically react 

with die silicon and the etching is only due to the impact of the ions. 

Metals, silicon oxides or photoresist can be used as masking materials. A 

high selectivity and vertically is achieved by tuning die etching 

parameters such as, electrode power, substrate temperature, chamber 

pressure and gas flow. 

Recently optimized reactors and processes have been developed for the 

etching of deep silicon structures [3,4]. These processes are called Deep 

Reactive Ion Etching (DRlE). They allow die microfabrication of high 

aspect ratio three-dimensional devices in higher density. 

6.2.3 Silicon oxides and nitrides 

With silicon being more or less conductive, it is sometimes necessary to 

electrically insulate some parts of the wafer. In most cases, silicon oxides 

and nitrides are used for this purpose. 

Silicon oxide can be grown thermally or deposited by Chemical Vapor 

Deposition (CVD). Thermal oxide is grown by exposing a silicon 

substrate to oxygen or water vapor in an oven heated to about 10000C. To 

obtain CVD oxide certain gases such as silane and oxygen are made to 

react in a reactor where the substrate is placed. This kind of oxide has me 

advantage diat it can be deposited on other substrates than silicon and that 

its composition can be modified by adding other gases to the reactor. 

However the insulating properties of CVD oxides such as breakdown 

voltage are not as good as those of thermally grown oxide. Silicon oxide 

is mostly etched using a buffered solution of hydrofluoric acid called 

BHF. The buffer, NH4F, ensures that the bath stays at a neutral ph and 

also increases the etching selectivity versus photoresist. 
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Silicon nitride layers are grown by Chemical Vapor Deposition. Because 

they are only very slowly etched in BHF, dry etching is the preferred 

structuring method. 

Both silicon oxides and silicon nitrides can also be grown by Plasma 

Enhanced Chemical Vapor Deposition (PECVD) which allows lower 

deposition temperatures. Because of that, PECVD oxide and nitride can 

be deposited on a large variety of substrates. 

6.2.4 Metals 

In the majority of applications, electrical connections are made using 

structured aluminum lines. Aluminum is used for different reasons. First 

of all it is a good electrical conductor, and its adhesion properties on 

silicon and silicon compounds are good. Secondly, compared to other 

metals like gold for example, aluminum does not much diffuse into 

silicon when heated. This is very important since this process can damage 

the properties of electrical circuits. 

Metals are mostly deposited by evaporation and structured by wet 

chemical etching or lift-off. 
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6.3 Different ways of making apertures 

6.3.1 Electron-beam lithography 

Electron-beam (E-beam) lithography is a versatile tool, which has the 

necessary precision and could allow to precisely control the size, position 

and shape of an aperture. The problems with lithography arise from the 

fact that it must be performed on the apex of a sharp tip. In order to 

achieve good resolution (below lOOnm) the resist must be applied in a 

very thin and conformai coating. Its thickness should be of about the same 

size as the aperture. Such coatings can be formed by electrodeposition, 

electropolymerisation, or by precisely tuning the thickness of a 

photoresist layer by spinning (Figure 6.1 ). Unfortunately the chemistry of 

electropolymerisation and electrodeposition is quite complicated and it is 

very difficult to develop such a coating process for an E-beam resist. 

Adjusting the thickness of a photoresist layer by spinning, so that it barely 

covers the tip apex (Figure 6.2) is not a very flexible process because it 

must be tuned to a precise tip height and geometry. Alignment of the 

aperture with respect to the tip apex, during E-beam exposure, is also a 

very important but difficult task. 

E-beam E-beam 

A 
Figure 6.1: A thin conformai resist layer can be applied by 
electropolymediation (left figure), or resist can be spun on so it barely 
covers the tip apex. 
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Figure 6.2: SEM picture of a silicon AFM tip covered with photoresist. 
The resist thickness has been adjusted so that it barely covers the tip 
apex. Such a layer would be suitable for E-beam exposure. 

Advantages + Precise control of aperture shape and size 

Disadvantages - Resist coating difficult to apply 

- Spinning process dependant of tip height 

- Precise alignment of aperture necessary 

Previous work in this field has been done by H. Zhou et. al. [5] who 

produced SNOM apertures on tips with a flat apex using electron-beam 

lithography and a special resist coating method. 

6.3.2 "Thick" resist process 

To avoid the burden of lithography, one can spin photoresist on the tips so 

that the apex protrudes, and use it as a mask to selectively etch an aperture 

into the metal film (Figure 6.3). However, again, the disadvantages are the 

dependency to tip height and tip geometry. 
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Figure 6.3: An optimized photoresist coating process leaves the tip apex 
uncovered, which can then be patterned. 

Figure 6.4: SEM micrograph of the situation described in Figure 6.3. The 
tip apex is protruding from the resist layer. 

Advantages + No alignment necessary 

Disadvantages - Aperture shape depends on tip geometry 

- Spinning process dependant of tip height 

6.33 Tip effects 

Various tip effects like for example the enhanced electrical fields at tip 

apex due to the small radius of curvature can also be used as patterning 

methods. 
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Advantages: + No alignment necessary 

+ Tip height independent 

+ Very localized 

Disadvantages - Aperture shape and size depends on tip geometry 

6.4 Tip apex modifications using a tip effect 

A tip effect during reactive ion etching (RIE) in a fluorine and chlorine 

(C2ClFj + SF6) containing plasma has been observed. This effect allows to 

selectively etch a silicon nitride layer only at the apex of a sharp tip. RIE 

is done in a reactor where a plasma is sustained between two electrodes 

by a radio frequency voltage. When die voltage is turned on, the different 

mobility of electrons and ions automatically induces a DC bias on the 

cathode, where the wafer is placed. The value of this DC bias is 

influenced by the gas flow, electrode power and chamber pressure. It can 

reach values of over 100V DC. The reactive gas ions present in the 

etching chamber are, hence, accelerated towards the surface and react 

with the substrate forming a volatile compound [6]. Due to the small 

radius of curvature, the electric field is higher on die tip apex than on the 

sidewalls. We believe that this field enhancement is responsible for die 

higher etching rate observed on the tip apex. Depending on the tip 

material, a layer CVD (chemical vapor deposition) nitride or PECVD 

(plasma enhanced chemical vapor deposition) nitride can be deposited on 

the tips. Then the coated tips are exposed to the plasma in the RIE reactor 

until the nitride is removed at the apex (Figure 6.5). This takes typically 1 

minute etching time for 100 nm of nitride. If the etching is continued, the 

nitride will next be attacked also on the edges of the tip followed 

immediately by the side-walls (Figure 6.6). During the etching a DC bias 

voltage of 100V appears at the electrodes. Once patterned this structured 

nitride layer can be used as a mask for further processing steps. 
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Figure 6.5: Top view of a "knife edged" silicon KOH tip covered with 
silicon nitride. The nitride has been selectively removed on the ridge 
constituting the tip apex using a tip effect during RIE. The width of the 
ridge is estimated to about 70 nm. 

Figure 6.6: Top view of a silicon tip covered with PECVD silicon nitride. 
The nitride on the edges and the side-walls of the tip has been damaged 
due to overetching. 
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6.5 SNOM apertures fabrication process 

Using the previously described tip effect, an aperture fabrication process 

has been developed. The first step is the fabrication of a sharp tip, 

whereas the tip material can be silicon, silicon dioxide, silicon nitride, or 

even glass. Then a thin aluminum layer, about 50 nm in thickness is 

evaporated on the tip (Figure 6.7a). A lOOnm thick layer of PECVD 

silicon nitride is deposited over the aluminum (Figure 6.7b). The silicon 

nitride layer is then patterned by means of the above explained tip effect 

in the RIE reactor (Figure 6.7c). In the last step, die silicon nitride is used 

as a mask to selectively wet-etch the protruding aluminum in a standard 

Al-etching solution, leaving a small aperture on the apex of the tip (Figure 

6.7d). The shape of the aperture is determined by the tip geometry. 

Figure 6.7: SNOM tips aperture fabrication process. 
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6.5.1 Results 

The aperture fabrication process was first tested on 15 urn high silicon 

AFM tips. Figure 6.8 shows a side view such a silicon tip after the nitride 

has been selectively removed. This corresponds to step "c" in the 

previously described fabrication sequence. 

Figure 6.8: SEM photograph of a tip after selective etching of the nitride. 
The tip apex is still covered with aluminum. 

Figure 6.9: Same tip as in Figure 6.8 but after aluminum wet-etch. The 
arrow on the top image points at the Al-cusp, which is removed during 
the wet etching. The silicon nitride covering the rest of the tip acts a 
mask, protecting the underlying aluminum. 
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In Figure 6.9 the same tip can be seen after the aluminum etch (step "d" 

in fabrication process). This figure gives evidence that the little cusp in 

Figure 6.8 was actually formed by the underlying aluminum film, because 

it is removed by the Al-etchant, which does not attack the silicon nitride. 

The following images show the flexibility of the aperture process 

regarding tip height and tip material. Using exactly the same fabrication 

parameters, apertures can be successfully made on 15 firn high silicon 

tips or 50 firn high quartz tips. 

Figure 6.10: Top view of the aperture in an aluminum film covering a 
15firn high silicon tip. To enhance contrast of the SEM image the silicon 
nitride has been completely removed from the tip. The aperture is 
estimated to be 50 nm in diameter. 
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Figure 6.11: Top view of a 30 run diameter aperture structured into an 
aluminum film on a 50pm high quartz (fused silica) tip. Silicon nitride 
has been completely removed from the tip. 

This aperture fabrication method allows a full wafer of tips to be 

processed in parallel. The homogeneity of aperture size over a whole 

4-inch wafer is good. The main problems encountered are homogeneity 

of tip shape. Since the process uses a tip effect, the shape of the very tip 

apex immediately determines the aperture shape. Because of that it is 

very important that the tips on which the apertures are to be patterned 

have a very well defined geometry at the apex. 

6.6 Other SPM tips 

By slightly adjusting the aperture fabrication process, different material 

contrasts can be produced at the apex of SPM tips. These modified SPM 

tips can find applications in various different fields. 

6.6.1 Platimum nanoelectrode 

Using the same process as for the SNOM apertures other SPM probes 

such as platinum nanoelectrodes can be fabricated. A silicon tip is first 
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coated with a 50 nm thick platinum layer. Then PECVD silicon nitride is 

deposited on top of the platinum and patterned according to the tip effect, 

resulting in a small protruding platinum apex (Figure 6.12). If the silicon 

nitride layer is thick enough, the protruding platinum apex is electrically 

isolated from the base. This small and well-defined electrode can be used 

e.g. for electrochemical measurements [7]. 

Figure 6.12: SEM micrograph of the apex of a platinum microelectrode. 
The arrow points at the protruding platinum apex which is about 100 nm 
long and 50 nm wide. 

6.6.2 Nanocavities 

Nanocavities can also be fabricated at the tip apex by adding an etching 

step to the aperture process. The patterned metal layer (Figure 6.7d) is 

simply used as a mask to etch the underlying silicon, by dry etching. 

Hollow metal tips with small apertures at the apex could be fabricated by 

simply removing the silicon totally. 

47 



Microfabrication of nanometer-sized apertures 

Figure 6. J 3: Side view of a nanocavity structured into a silicon tip. 

6.7 Conclusion 

The fabrication of nanometer-sized apertures at the apex of sharp tips can 

be done in different ways. However, the use of a structuring method 

based on a of tip effect seems to be the most promising. 

The presented micromachining procedure is based on a tip effect that 

allows the batch processing the apex of microfabricated SPM tips on the 

nanometer scale. It relies on a tip effect in an RIE plasma and is fully 

CMOS compatible. It is simple, because it contains no lithography or 

alignment step. Furthermore it is not sensible to the tip height or to its 

material. The fabrication process is flexible, and can be used to fabricate 

other SPM probes such as platinum nanoelectrodes. 
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7 Aperture characterization 

7.1 Introduction 

In the previous chapter a SNOM aperture fabrication process has been 

presented. Using this process apertures have been structured into 

aluminum films covering two different kind of tips: silicon AFM tips and 

quartz (fused silica) tips. As the resolution of the SNOM microscope 

largely depends on the quality of these apertures, their characterization is 

very important. 

The size and shape of the apertures can be determined by SEM 

observation. However this kind of characterization does not take the 

optical behavior into account. The emission of light from an aperture can. 

for example, be influenced by inhomogeneities in the thickness of the 

metal coating or by the presence or absence of metal grains at the 

perimeter of the aperture. It is equally important that the metal coating is 

pinhole-free, since pinholes can modify the resolution of the SNOM 

microscope and raise the background signal level. 

A certain amount of information about the optical characteristics of an 

aperture can be obtained by observing, in the far field, the image of light 

transmitted through the aperture. 
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7.2 Characterization of apertures structured on silicon 

AFM tips 

The silicon AFM tips were fabricated using anisotropic etching in KOH, 

based on a process developed by Wolter [I]. Eight crystalline planes 

define the tips that are formed by this technique. A perfect tip has the 

eight planes intersecting exactly at the tip apex. Unfortunately this is not 

always the case and a "knife-edge" then terminates the tip. A study has 

shown that about 50% of all tips fabricated by this method are "knife-

edges", whereas the other half is perfectly sharp [2]. Because the aperture 

fabrication process is based on a tip effect, "knife-edges" lead to 

elongated apertures with erratic shape. These kinds of apertures are not 

desired, in particular because the direction and length of the slit cannot be 

controlled. 

7.2.1 SEM observation 

As silicon is opaque to visible light, only SEM observation has been 

performed. During this study the mean size of the apertures was found to 

be around 70 nm with the smallest being 50nm in diameter and the largest 

in the 100 nm range. As can be seen in Figure 7.1 the apertures structured 

on "knife-edged" tips do not have a well-defined shape and are therefore 

not suited for SNOM imaging. No significant difference in aperture size 

was observed between the center and the edge of a processed 4-inch 

wafer. 

The main problem encountered with aperture shape and size 

inhomogeneity is due to the inhomogeneity of the tips themselves. This 

could be improved by fabricating tips with a better defined tip apex [3]. 
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Figure 7.1: SEM images of typical apertures structured into a 50 nm thick 

aluminum layer covering silicon AFM tips. The left aperture is about 100 

nm in diameter and the right one about 60 nm. 

Figure 7.2: SEM images of apertures structured on "knife-edged" tips. 

The aluminum layer is 50 nm thick and the tips are 15 /Jm high. 

7.3 Apertures on quartz tips 

Quartz tips were fabricated on an amorphous fused silica wafer. They are 

isotropically etched in a concentrated hydrofluoric acid solution using 

polysilicon as mask material [4]. Tips fabricated by this method are 

extremely sharp and have a very low surface roughness (Ra of 5 Â to 10 

Â), which is important for a high quality metal coating. They were 

produced using round, square and triangular mask shapes. 
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When square pads are used for tip fabrication, it often happens that the tip 

apex is shaped as a "knife-edge". This then results in apertures that are 

elongated in one direction. These "knife-edges" appear when the etching 

mask is not perfectly square, due to imperfections in the preceding 

lithography process. However, in contrast to the silicon KOH tips where 

the etching is sensitive to crystalline planes, it is possible to control the 

length and orientation of these "knife-edges" by creating very precise 

rectangular masks. Such elongated apertures could specifically be used 

for their polarization dependent transmission properties [5]. Tips shaped 

from round and triangular masks avoid this "knife-edge" problem. 

Figure 7.3: SEM pictures of quartz tips produced by under-etching of a 

square and a round mask. 

7.3.1 SEM characterization 

The size of the apertures structured on quartz tips was measured using 

SEM observation. From these observations one can say that their 

diameters vary between 30 nm and 100 nm. Whereas most apertures are 

in the 50 nm to 80 nm range. The aperture size and shape homogeneity is 

good, mainly because the tips themselves have a well-defined tip apex 

geometry. The opaque metal coating is constituted by a 5 nm thin 

adhesion promoting titanium layer and a 100 nm thick aluminum layer. 
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Figure 7.4: SEM pictures of apertures structured on quartz tips fabricated 

from circular masks. The apertures are estimated to be about 70 nm in 

diameter. 

Figure 7.5: SEM micrograph of elongated apertures about 150nm long 

and 70 nm wide. In this case a square mask has been used for the tip 

fabrication. 

Figure 7.6: Pictures of the apex of triangular tips. The apertures are not 

clearly seen on these photographs however their presence is proved by 

optical characterization (see below). 
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7.3.2 Optical characterization 

In order to characterize the apertures optically, the tips were used in 

transmission and the emission pattern was observed in the far field. To do 

so an optical setup was built which allows a laser beam to be focused into 

the tip from the backside by means of a microscope objective (2Ox, Na 

0.35). The light transmitted through the aperture is collected with another 

microscope objective (10Ox, Na 0.9) and projected on a CCD camera. 

Polarizing filters are placed between the laser source and the first 

microscope objective as well as between the second microscope objective 

and the camera. The first filter allows the intensity of the incident laser 

beam to be regulated. By varying the direction of the second filter it is 

possible to look at how the polarization of the light is affected by the 

aperture. As the apertures are much smaller than the wavelength of the 

light source (He-Ne laser at 633 nm), they are expected to behave like 

point light sources. 

Microscope objectives 

Polarizing filters 

Figure 7.7: Schematic view of the optical aperture characterization setup. 

A laser beam is focused into the back of the tip with a microscope 

objective. The transmitted light is imaged using a high numerical aperture 

microscope objective and projected on a CCD camera. 
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7.3.2.1 Numerical calculations of the emission pattern 

For comparison with experimental results, the emission pattern of a 

perfect aperture, as seen with the above presented characterization setup, 

was calculated numerically. These calculations were done by W. Noell 

and performed in three steps. First the electric field inside the aperture is 

calculated. Then the value of the field once it has propagated to the 

microscope objective is calculated. And finally the diffraction induced by 

the microscope objective is taken into account. In the following 

calculations the light waves propagate along the optical axis, in the z 

direction, and are polarized perpendicular to the optical axis, in x and y. 

For simplifying the calculations the emission from the tip is assumed to 

satisfy the equations derived by Bethe [6] and Bouwkamp [7]. The Bethe-

Bouwkamp approximation [8] is valid for a circular aperture surrounded 

by a thin perfectly conducting metal and illuminated from the back by a 

plane wave polarized in the x-direction. Figure 7.8 shows the calculated 

intensity of the field at the aperture for both polarizations, 

parallel (x-polarization) and perpendicular (y-polarization) to the incident 

plane wave polarization. 

Figure 7.8: Calculated intensity of the electric field in logarithmic scale 

for x-polarization and y-polarization inside a circular aperture lOOnm in 

diameter using the Bethe-Bouwkamp approximation. 
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From the aperture the field freely propagates to the microscope objective. 

The propagation was calculated following the Huygens principle. This 

principle states that each point on a wavefront generates a spherical wave. 

The superposition of these waves constitutes the wave at another point 

(see diffraction integral in chapter 6 of [9]). The following calculations 

present the field as it is at the microscope objective. These results are in 

good agreement with calculations performed elsewhere [10]. 

Figure 7.9: Intensity at the microscope objective for both polarizations. 

This field was calculated by propagating the previously calculated field 

from the aperture towards the microscope objective. 

The microscope objective acts as an aperture, diffracting the field, which 

then propagates further to the CCD camera. Again Huygens's principle 

was used for this operation. In the following figures the calculated field at 

the CCD camera is compared with real images obtained from apertures 

structured on round quartz tips. These two patterns contain qualitative 

information about the optical shape of the aperture but not about it's size. 
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Figure 7.10: Comparison between calculated and measured 

x-polarization intensity at the CCD camera. 

Figure 7.11: Comparison between calculated and measured 

y-polarization intensity at the CCD camera. 

As can be seen in Figure 7.10 and Figure 7.11 there is a good agreement 

between calculated and experimental images. From this it can be 

concluded that the aperture that produced these images is almost round in 

shape and of good optical quality. The better the experimental image 

corresponds to the calculated pattern the closer the aperture approaches a 

perfectly round aperture. 
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Figure 7.12 shows the emission pattern obtained from an elongated 

aperture structured on a square quartz tip. A clear difference with the 

pattern obtained from a round aperture can be observed. 

Figure 7.12: Emission pattern of an elongated aperture structured on a 

square quartz tip. The left image is the field component polarized parallel 

to the incident beam polarization (x-axis) and the right image is the 

component along they-axis. 

The emission patterns obtained from apertures structured on triangular 

tips are of very interesting shape. In particular the field intensity for the x-

polarization shows multiple maximums. More extensive investigations 

need to be undertaken to prove their suitability for SNOM imaging. 

Figure 7.13: Emission images of an aperture on a triangular tip for x-

polarization (left image) and y-polarization. 
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7.3.3 Transmission 

The transmission of the quartz tips was measured by replacing the camera 

of the optical characterization setup with a photodiode. Typical 

transmission values of apertures around 60 nra in diameter structured on 

round tips were found to be in the order of 10"5. 

7.4 Conclusion 

Apertures have been fabricated on two different types of tips: silicon 

AFM tips and quartz tips. The aperture size uniformity is good and mainly 

depends on the tip apex geometry. Most fabricated apertures have 

diameters in the range of 50 nm to 80 nm. A problem for aperture 

fabrication on silicon AFM tips is the random appearance of "knife 

edges" during the tip fabrication. An improved tip fabrication process is 

necessary to obtain a better yield of usable apertures. Changing the mask 

shape, in order to obtain tips that are defined by three silicon crystalline 

planes could solve this problem. Other possibilities are the fabrication of 

tips by isotropic etching or the subsequent sharpening of the tips to 

remove the "knife-edges". 

The microfabricated quartz aperture tips seem to be well suited for SNOM 

imaging and the emission patterns of round tips are in good agreement 

with numerical calculations. Thus, one can expect that these tips are 

polarization maintaining. The emission pattern gives qualitative 

information about the shape of the aperture. Triangular tips show a 

particular emission pattern and their suitability for SNOM imaging needs 

to be evaluated. Elongated apertures can be fabricated by etching tips with 

a rectangular mask. Such apertures could be used for studies with 

polarized light. 
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8 Microfabrícated SNOM probes 

8.1 Introduction 

Microfabrication techniques have promoted the breakthrough of AFM 

microscopy by providing high-quality probes with well-defined and 

reproducible properties. These probes are fabricated using silicon bulk 

micromachining. SNOM probes can be produced with the same 

technology. The most interesting aspect is that the SNOM tip can be 

integrated on an AFM cantilever. It is then possible to benefit from the 

precision, reliability and ease of use of the AFM distance control method. 

Furthermore, microfabrication will allow adding deflection sensors and 

actuators to the cantilever, thus opening the possibility for parallel 

imaging. 

Different possibilities exist for measuring the deflection of a cantilever 

(see chapter 2). The most widely used method in AFM microscopy is the 

beam deflection method. However, if used during simultaneous AFM and 

SNOM imaging, optical methods such as the beam deflection or the 

interferometer method may generate some unwanted background signals. 

By using other deflection measurement methods such as the piezoresistive 

or piezoelectric effect this problem can be solved. 

Two basic approaches have been pursued for the fabrication of combined 

SFM and SNOM probes using silicon micromachining technology: 

• One approach consists of detecting the light in the probe itself, by 

integrating a light sensor. 

• The other approach is to integrate a transparent or hollow SNOM tip 

on a SFM cantilever. 

63 



Microfabricated SNOM probes 

8.2 The "active" probe 

The optical signal can be directly detected inside the tip by an integrated 

light sensor, thus, no collecting optics are needed. An opaque metal film 

into which an aperture is structured at the apex spatially limits the 

interaction of the photons with the integrated sensor (Figure 8.1). The 

sensor signal is proportional to the intensity of the light penetrating the 

tip. Thus it is possible to make a high-resolution optical intensity image of 

the sample surface. One disadvantage of such a probe is that other optical 

information like polarization or wavelength can not directly be detected. 

Previous work in this field has been done by R. C. Davis et al. who 

integrated a Shottky diode into a silicon tip [I]. Instead of silicon other 

groups have used gallium arsenide as material for the tip into which the 

Shottky diode was integrated [2]. Another group has fabricated a 

cantilever with an integrated photodiode and added a plain micro-tip. 

Light scattered by the tip off the sample surface is detected by the 

photodiode [3]. 

Metal 

Figure 8.1: Schematic view of a microfabricated AFM cantilever with 

photosensitive Shottky tip. An aperture in an opaque metal coating 

covering the tip confines the light detected by the photosensitive element. 

The photocurrent Iph as a function of the tip position on the sample gives 

the optical image. The sample is illuminated in transmission. 
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Metal 

Figure 8.2: Schematic view of an AFM cantilever with integrated 

dielectric tip. A small aperture has been machined into a metal layer at 

the apex of the transparent tip. An opening in the cantilever, behind the 

tip, allows light to be detected or focused into the tip. Transmission and 

Illumination mode images can be made with such a type of device. 
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Microfabricated SNOM probes 

In the following chapters the fabrication process of two different probes 

will be presented. One probe consists of a silicon AFM cantilever-probe 

with integrated p-n junction. The other is a quartz tip added to a silicon 

AFM cantilever. 
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9 Fabrication of on AFM cantilever 

probe with integrated p-n 

photodiode 

In this chapter the fabrication of a combined SFM and SNOM probe will 

be presented. It consists of an APM type micromachined silicon cantilever 

with an integrated silicon tip. A photodetector, more precisely a p-n 

junction, is built into the measuring tip as well as into a reference tip, 

which is located on the bulk of the chip. The measuring tip is covered 

with an opaque aluminum film into which an aperture is etched. The 

aperture is located on the apex of the silicon tip. It confines the light 

detected by the integrated photodiode to a small area. The reference tip is 

completely covered with a thick opaque metal layer. This reference tip 

will allow making differential measurements in order to compensate for 

aging and thermal drifts of the sensor signal. 

p-side contact 

Figure 9.1: Schematic view of the cantilever extremity with the measuring 

tip. The two black aluminum lines contact both sides of the p-n junction. 

The tip is covered with a thin aluminum layer that serves as contact to the 

n-doped tip and as opaque metal layer into which the aperture is 

patterned. 
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In previous work, other groups have integrated Shottky diodes as light 

sensors [1,2] into microfaricated tips. Shottky diodes have one advantage 

over p-n junctions: the light sensitive region is located at the interface 

between the metal and the semiconductor, thus, close to the 

semiconductor surface. However, a higher light sensitivity can be 

achieved with optimized p-n junctions. In future designs the p-n junction 

could be substituted for even more sensitive p-i-n or avalanche 

photodiodes. 

9.1 Fabrication sequence 

The wafers used for the fabrication of the probes are SOI (Silicon On 

Oxide) wafers with a 22 [Am thick, p-doped, device layer. This device 

layer which has a resistivity of 0.03 /cm2 is highly doped to ensure that 

ohmic contacts will immediately form between the aluminum electrodes 

and the silicon substrate and so, limit the number of processing steps. 

9.1.1 Tip fabrication and back-side patterning (Figure 9.3, a) 

After cleaning, a layer of thermal silicon dioxide is grown on the wafer, 

followed by the deposition of LPCVD (Low Pressure CVD) silicon 

nitride. Then by lithography the patterns for the tip etching are defined on 

the top surface. The dry etching of the silicon nitride and the removal of 

the underlying oxide by wet chemical etching in BHF follow this 

lithography step. Before the tips are formed, the nitride on the backside of 

the wafer is also structured by lithography and dry etching. These nitride 

patterns will be used as masks during the final step of the fabrication 

process. Tips arc then etched in potassium hydroxide (KOH), based on a 

process developed by Wolter [3] (Figure 9.3, a). Square pads 60um per 
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side are used as masks for the tip formation. The height of the tips varies 

between 13 and 15 um. 

9.1.2 Formation of the photodiode (Figure 9.3, b) 

A layer of n-doped CVD (chemical vapor deposition) silicon oxide is 

deposited on the wafer surface. This layer is then structured so that an 

oxide pad is left on the tip. A special lithography process involving a 40 

urn thick photoresist layer [4] is used for this purpose. Thick photoresist 

must be used because the tips have to be fully covered with resist during 

the wet etching of the oxide in BHF. The wafers are then heated in an 

oven at 1100 0C and the phosphor diffusing out of this doped silicon 

oxide layer into the p-type substrate forms the p-n junction (Figure 9.3, b). 

The superfluous oxide can then be completely removed by wet etching. 

9.1.3 Cantilever formation (Figure 9.3, c) 

Using a deep reactive ion etching the cantilevers are cut out (Figure 9.3, 

c). The buried oxide of the SOI wafer serves as an etch stop. By doing this 

the thickness of the cantilevers is well defined and uniform. Here again 

the lithography step preceding the dry etching is done using 40 urn thick 

photoresist. This is necessary since one wants to avoid blunting the tips 

during the etching [5]. 

9.1.4 Patterning of the electrodes (Figure 9.3, d) 

A PECVD silicon nitride layer is deposited on the topside of the wafer. 

Using photolithography and BHF etching an access to the p-type substrate 

is made close to the tip. As normal resist (2.5 urn in thickness) is used, the 

tip is not totally covered and the nitride is also removed from the upper 
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half of the tip during the etching. This structured nitride layer serves to 

insulate the electrodes from the substrate and avoid short circuiting the 

photodiode. Here, PECVD silicon nitride is used instead of LPCVD 

nitride because it can be easily removed from the tip apex by wet etching 

without damaging it like with dry etching. 

Aluminum is then evaporated on top of this nitride layer and the 

electrodes are patterned (Figure 9.3, d). Again, standard resist and wet 

chemical etching is used for this purpose. This thick aluminum layer now 

also covers the reference tip whereas the measuring tip is free. 

9.1.5 Aperture formation (Figure 9.3, e, f) 

A 50nm thick aluminum layer is evaporated over the tip, and structured 

using the thick photoresist process and wet etching. This aluminum layer, 

covering the tip, acts at the same time as a contact to the n-doped side of 

the junction, and as opaque layer into which the light confining aperture 

will be structured (Figure 9.3, e). The apertures are fabricated according 

to a previously described tip structuring process. In this batch fabrication 

method, a 100 nm thick silicon nitride layer is deposited on the metal 

covered tip and structured using a tip effect during PJE [6]. This silicon 

nitride layer is then used as a mask to etch the aperture into the metal film 

(Figure 9.3, f). 
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9.1.6 Releasing of the cantilevers (Figure 9.3, g, h) 

In order to be able to access the metal electrodes, the nitride is removed 

from the contact pads by etching in BHF (Figure 9.3, g). Again, thick 

resist is used to protect the tip as BHF will also etch the silicon nitride and 

the thin metal layer into which the apertures are structured. 

Finally the backside of the wafer is etched in KOH, and the cantilevers 

are released (Figure 9.3, h). The buried silicon oxide layer is used as an 

etch-stop and later removed in BHF, the front side being protected by 

photoresist. During etching the wafer is placed in a chuck which protects 

the topside. For this purpose, a special chuck was developed 

(Figure 9.2). It consists of a steel ring with a transparent plastic cover. A 

gap between the cover plate and the wafer has been added so that the tips 

can not be damaged by contact with the plastic cover. Also a slight 

overpressure of nitrogen can be applied to this volume. By doing so, KOH 

is prevented from leaking into the chuck through scratches or cracks in 

the nitride mask. 

Nitrogen pressure inlet _, . 
v . !oppiate 

I / Wafer f 
"O" rings Bottom metal ring 

Figure 9.2: Schematic of the modified chuck for KOH etching. A gas inlet 

permits to apply a slight nitrogen pressure to the spacing between the 

wafer and the top plate. By this method small leaks can be avoided. 
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e) 

f) 

g) 

h) 

Figure 9.3: Schematic view of the fabrication process, (a) Etching of the 

tips using KOH (b) Formation of the p-n junction by diffusion (c) Doped 

oxide removal and dry etching of the cantilevers, (d) Deposition and 

patterning of the electrodes on an insulating silicon nitride layer. The 

contact to the p-type substrate is now made (e.f) Aperture fabrication, 

using a thin aluminum layer and a structured silicon nitride mask.(g) 

Silicon nitride etching on the contacts pads for the electrodes, (h) 

Backside etching and releasing of the cantilevers using KOH. 
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9.2 Fabrication results 

Following the previously presented fabrication process probes with 

different cantilever lengths were fabricated. The mechanical properties are 

presented in the table below. All cantilevers are lOOum wide and about 

5um thick. 

Cantilever length 

Resonance frequency 

Spring constant 

600 um 

20KHz 

2.5 N/m 

800 urn 

11 KHz 

1 N/m 

1000 urn 

7KHz 

0.5 N/m 

Figure 9.4: SEM micrograph of an 800 /jm long cantilever with 

integrated tip and built in photodiode. The lever is 100fan wide and the 

silicon tip is 15/jm high. The round shape around the tip is the aluminum 

layer into which the aperture is patterned. The same layer also serves to 

contact the n-doped tip region. The arrow points at the contact to the p-

side of the junction. 
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Figure 9.5: Close up view of the measuring tip. The base of the tip is 

covered with an insulating silicon nitride layer. This silicon nitride layer 

serves to insulate both regions of the photodiode from each other and is 

removed on the tip apex to allow contact the n-doped tip region. The 

whole tip is covered with a 50 nm thin aluminum layer and a 100 nm thick 

silicon nitride layer used for the aperture formation process. The aperture 

in the thin aluminum coating at the tip apex cannot be seen on this 

picture. 

9.3 AFM imaging 

To test the sharpness of the tips the cantilevers were put into a 

commercial AFM instrument (© DI Nanoscope III) and dynamic as well 

as static mode images of a test samples were performed using the standard 

beam-deflection method. 
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Figure 9.6: AFM image of a lpm test grid acquired in tapping mode 

using a 600 firn long cantilevers with integrated p-n junction. The lines 

are 15nm high. 

80.0 

Figure 9.7: High-resolution line-scan using a probe with integrated p-n 

junction and aperture. The lateral resolution is better than 2nm. This scan 

was obtained in tapping mode using a commercial AFM setup and the 

beam deflection method. 
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Figure 9.8: AFM image of a lpm test grid acquired in contact mode using 

a JOOO firn long cantilevers with integrated p-n junction. The resolution is 

similar to that obtained in tapping mode. 

The AFM resolution obtained using the probes with integrated p-n 

junction and aperture is not significantly different from the resolution that 

can be obtained with normal AFM cantilevers. A lateral resolution better 

than 2 nm was achieved in tapping mode on flat surfaces. 

9.4 Electrical properties of the photodiode 

The electrical properties of the integrated p-n junction are presented in 

Figure 9.9. The breakdown voltage of the integrated photodiodes was 

measured at -13 V. This value is not particularly high because of the high 

doping concentration of the p-n junction which causes a small depletion 

zone width. The measured dark current of the diode biased at 

-6 volts is 1.5 nA. 
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IV characteristics of integrated p-n junction 
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Figure 9.9: typical IVcurve of an integrated photodiode. 

9.5 Simultaneous AFM and SNOM images 

To test the response of the integrated photodiode the probe was scanned 

over an optically active sample. A laser diode was chosen for this 

purpose. Again, a commercial AFM instrument (© DI Nanoscope III) was 

used for imaging. During imaging the photodiode is reverse biased with a 

DC voltage of 0 V to -5 V. In this configuration the change in current 

flowing through the junction is proportional to the number of photons 

reaching the depletion zone. The cantilever deflection is monitored with 

the standard laser beam deflection method. To minimize the effect of this 

laser beam on the integrated photodiode signal, the reflection point is 

displaced along the cantilever away from the tip. During imaging the laser 

diode was operated below it's lasing threshold. Figure 9.10 shows a 

simultaneous AFM and SNOM image acquired in contact mode with the 

diode being biased with a voltage of -5 volts. To reduce noise the laser 

diode was modulated and the current was measured using lock-in 

detection. The general elliptic shape of the laser emission is clearly 

visible. 
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Figure 9.10: Simultaneous AFM and SNOM images of the surface of a 

laser diode. The left image is the topography and the right image is the 

photo-current generated inside the integratedp-n junction 

Figure 9.11 shows an image of a similar laser diode obtained with a 

conventional fiber based SNOM microscope. The laser spot is better 

defined in the fiber-SNOM image than in the image obtained with the 

integrated photodiode 

Figure 9.11: SNOM image of a laser diode acquired with a conventional 

fiber-based microscope. The topography of the laser diode is presented on 

the left image and the optical image on the right. (Images courtesy H. 

Heinzelmann). 
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More precise investigations have shown that the difference between the 

fiber-based SNOM image and the cantilever-based SNOM image is due to 

the fact that light can also reach the photodiode through other paths than 

the aperture. For example, a substantial photocurrent can be generated by 

locally illuminating the cantilever on the aluminum coating forming the 

aperture. A current is also measured when the cantilever is illuminated 

next to this aluminum coating. Thus the image shown in Figure 9.10 is a 

convolution between different optical contribution. 

Several explanations can be given to this behavior. First of ail the junction 

depth at the tip apex is much greater than the junction depth on a flat 

surface. This is simply due to the fact that during the formation of the p-n 

junction diffusion occurs from several sides simultaneously. Because of 

that the photons travelling through the aperture must travel a greater 

distance in the silicon before reaching the active zone (the depletion zone) 

of the photodiode. Thus, the tip apex region is particularly insensitive to 

light. The diffusion process used in the fabrication of the probes generates 

junctions that are about 1 u.m deep on flat surfaces. Figure 9.12 shows that 

the junction at the tip apex is a least 2 urn deep. This value is too high to 

achieve a high sensitivity of the tip apex as most of the photons are 

absorbed before they reach the junction. 

This difference in junction depth makes the absence of pinholes in the 

metal coating and its thickness an important issue because light 

penetrating the side-walls or the base of the tip can more easily generate a 

current than light travelling through the aperture. An aluminum coating 50 

nm in thickness, as used in the probe fabrication, attenuates the intensity 

of a light wave only to about 4x10"* of its original intensity. This is not 

enough compared to the transmission through the aperture, which is in the 
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same order of magnitude, especially since this contribution is integrated 

on the whole junction surface. 

Silicon surface 

T Junction depth 
i - at tip apex 

p-n junction 

Figure 9.12: Schematic representation of the junction depth formed by 

diffusion on a silicon tip. 

Another possible explanation is the insulating silicon nitride layer located 

beneath the aluminum coating (Figure 9.3, d and e). This layer could act 

as a waveguide and bring light from the side of the cantilever to the 

photodiode. 

Possible light path 
Aluminum coating 

Insulating silicon nitride 
layer 

p-n junction 

Figure 9.13: Schematic view of the tip region. The silicon nitride layer 

could guide light to the p-n junction. 
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The characteristics of the probe can be improved by: 

• Reducing the junction depth and increasing the depletion zone width 

by an optimized doping process. This would render the photodiode 

more sensitive. 

• Increasing the thickness of this aluminum layer to increase the opacity 

and reduce the number of pinholes on the side of the tip. 

• Increasing the size of the aluminum coating into which the aperture is 

structured so that it totally covers the silicon nitride layer. 

• Adding a metal coating to the backside of the cantilever to reduce the 

effect of the laser used for the beam deflection measurement and 

further cut down unwanted light reaching the junction. 

9.6 Conclusions 

The concept for a new type of micromachined nearfield probe with 

integrated light detector has been demonstrated. Silicon AFM cantilever 

probes with integrated p-n junctions have successfully been fabricated. 

Simultaneous AFM and SNOM imaging has been performed. However 

the present probes need to be optimized in order to increase the 

sensitivity. At present state they are not well suited for high resolution 

imaging of radiative samples. It is possible that they can be used for the 

probing of evanescent fields created by Total Internal Reflection (TIR), 

but this needs to be verified. 

The fabrication process makes it possible to integrate deflection sensors 

and actuators on the probes, thus opening the possibility for parallel 

imaging. Also a p-i-n diode or an avalanche diode could be substituted to 

the p-n junction if a higher sensitivity is necessary. 
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70 Fabrication of a silicon 

cantilever probe with transparent 

quartz tip 

This passive probe consists of a silicon AFM cantilever with an integrated 

amorphous quartz tip. The tip is covered with an aluminum layer with a 

small aperture at the apex. Below the tip, a hole in the silicon cantilever, 

allows light to be focused into the backside of the transparent tip (Figure 

10.1). 

Figure 10.1: Schematic view of the cantilever with an integrated square 

quartz tip. A hole is machined into the silicon cantilever behind the tip. 

The nano-aperture at the tip apex is not represented in this diagram. 

Quartz is transparent to light from the visible to the ultra-violet range. 

Therefore it is frequently used in optics. Also, quartz doesn't exhibit any 

internal fluorescence. However the integration of quartz structures on 

silicon wafers is very difficult. This arises from the fact that the expansion 

coefficients of quartz and silicon (0.5x10"* for quartz and 3xio~* for 

silicon) differ by almost one order of magnitude. For that reason, once a 
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quartz structure of substantial size and thickness is integrated on the 

silicon substrate, no process step involving the heating of the wafer to 

high temperatures can be tolerated anymore. Otherwise, the tensile stress 

appearing at the interface between the silicon and the quartz can lead to 

the rupture of the structures. Since many commonly used materials are 

deposited at temperatures higher than 4000C (silicon nitrides, silicon 

oxides or polysilicon), the above mentioned condition dramatically limits 

the choice of materials that can be used during the processing. 

10.1 Fabrication sequence 

10.1.1 Back-side structuring of the wafers (Figure 10.3, a, b) 

For this process 4-inch wafers with a thickness of 520 urn were used. 

First, silicon oxide is grown on the wafer surface, followed by the 

deposition of an LPCVD silicon nitride layer, both layers being 200 nm 

thick (Figure 10.3, a). The nitride and oxide is then patterned on the 

backside by RJE and wet etching in BHF respectively. The wafer is then 

etched in KOH until a silicon membrane of about 30 urn in thickness is 

formed (Figure 10.3, b). The nitride layer on the topside is used to protect 

the silicon and the oxide layer during this KOH etching. 

10.1.2 Cantilever definition (Figure 10.3, c, d) 

The now useless silicon nitride on the topside of the wafer is totally 

removed by dry etching, the silicon surface being protected by the oxide. 

The oxide on the topside of the wafer is then structured by 

photolithography and wet etching in BHF (Figure 10.3, c). Using DRIE, 

the trenches defining the borders of the cantilevers and the holes for the 
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backside of the tips are etched (Figure 10.3, d). During this 5 u,m deep 

etching the oxide is used as masking material. 

10.1.3 Quartz wafer bonding and thinning (Figure 10.3, e, f) 

Prior to bonding, the silicon oxide is removed form the top surface by wet 

etching in BHF (Figure 10.3, e). 

At this point of the process a quartz (fused silica) wafer is bonded onto 

the silicon substrate. Both wafers, silicon and quartz, are cleaned in nitric 

acid, rinsed in water, dried and brought together. Bonding between the 

surfaces occurs spontaneously. The bonded wafers are then cured in a 

vacuum oven at 1000C for 12 hours. This increases the bonding strength. 

1000C is the highest temperature at which the silicon-quartz sandwich can 

be heated without the two wafers seperating again. Good bonding is only 

possible if both surfaces are perfectly clean and flat. This is the reason 

why the silicon surface was protected by an oxide layer during the 

previous steps. The quartz wafer, which is 500 urn thick, is then thinned 

down to 30 urn in a 50% HF solution (Figure 10.3, f). This takes about 6 

hours etching time. During the thinning, the oxide and nitride masks on 

the backside of the silicon wafer are etched away. Provided the starting 

surface of the quartz wafer is perfectly clean and smooth, the roughness of 

the etched down quartz does not significantly increase. A surface 

roughness of Ra = 15 A was measured on a thinned down quartz wafer, 

compared to the starting surface which had a roughness of Ra = 5 Á. 

Now that the quartz layer is only 30 urn thick the wafer can be cured at 

2000C for further increasing the bonding strength. 
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10.1.4 Etching of the tips and aperture formation (Figure 10.3, g, h) 

The tips are etched into the quartz using a 50% HF acid solution. The 

masking material is a 500 nm thick amorphous silicon layer. This 

amorphous silicon is deposited over the quartz at 2000C by a special 

process [1] and structured with dry etching (Figure 10.3, g). Temperatures 

of 2000C are now possible since the quartz wafer is only 30 um thick. The 

apertures are then structured into an aluminum layer covering the tips 

(Figure 10.3, h). The metal coating used in this process is a lOOnm thick 

aluminum layer deposited on a 5nm thick titanium adhesion layer. The 

titanium not only increases the adhesion, it also reduces the surface 

roughness of the aluminum coating. The following images show three 

different quartz tips bonded onto silicon cantilevers. 

Figure 10.2: SEM images of the quartz tips, bonded on the silicon 

cantilever. The trenches defining the cantilevers are clearly seen. 

10.1.5 Releasing of the cantilevers (Figure 10.3, i) 

The last step in the process is to etch away, from the backside, the 

remaining silicon membrane (Figure 10.3, i). This is done using DRIE. 

The probes are now attached to the wafer frame by small silicon bridges 

and can easily be broken out with tweezers. 
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Figure JO.3: Schematic fabrication process of a silicon cantilever with 

integrated quartz tip. (a) Growth of a silicon oxide and a silicon nitride 

layer, (b) Backside structuring of the nitride and oxide. Partial etching of 

wafer in KOH. (c) Nitride removal and oxide patterning, (d) Cantilever 

etching using DRIE. (e) Oxide removal, (f) Bonding and thinning of 

quartz wafer, (g) Deposition and structuring of an amorphous silicon 

mask, (h) Etching of tips and aperture formation. (I) Final backside 

etching using DRIE and releasing of cantilevers. 

10.2 Fabrication results 

The fabricated cantilevers are 80 um wide and 5 urn in thickness. They 

exist in two different lengths depending on their use in static or dynamic 

mode imaging. The cantilevers for dynamic mode imaging are 400 urn 

long, have a calculated first mechanical resonance frequency of about 40 

kHZ and a spring constant of 7 N/m. The cantilevers for static mode 

imaging are slightly longer and thus, softer. They are 700 um in length, 

have a resonance frequency of 14 kHZ and a spring constant of 1 N/m. 

The 25 urn high integrated quartz tips have been fabricated in different 

shapes. Round, square, and triangular masks have been used for the tip 

fabrication. The circular tips seem to be the best suited for SNOM 

imaging as most apertures structured on those tips are round or have only 

a slight asymmetry. Because of imperfections during the lithography 

process, a small knife-edge often terminates the square tips. This leads to 

elongated apertures that could be used for their polarization dependent 

transmission properties. The triangular tips eliminate the possibility of a 

knife-edge terminating the tip apex. However their suitability for nearfield 

imaging has still to be demonstrated. 
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The holes that are machined into the silicon cantilevers behind the tips are 

either 10 um or 20 urn in diameter. This size is sufficient to focus a laser 

light source into them. The following four images show different finished 

probes. The slight offset of the tips with respect to the cantilever is due to 

a bad alignment during the lithography defining the tip etching pads. 

Figure 10.4: SEM photograph of a 700 ¡.im long cantilever with square 

quartz tip. The whole cantilever is still covered with a thin layer of quartz. 

Figure 10.5: Detailed view of the SNOM tip. 
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Figure 10.6: SEM picture of a 400 pm long silicon cantilever with 

integrated circular quartz tip. A thin layer of quartz still covers the 

cantilever. 

Figure 10.7: Detailed view of the round tip. 

10.3 Probe characterization 

To test the suitability of the probes for AFM imaging, images in static and 

dynamic mode of a 1 urn test grid were acquired using a commercial 

instrument ( © Nanoscope III ). The images show a good resolution 

comparable to that obtained with commercial AFM tips. The static mode 
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image was obtained using a 700 um long cantilever probe whereas the 

dynamic mode image was obtained with a 400 urn long cantilever. Both 

cantilevers had an integrated round quartz tip. 

Figure 10.8: AFM images of a I pun test grid obtained with the 

cantilevers with integrated quartz aperture tip, in static (left image) and 

dynamic mode imaging (right image). 

The presence of an aperture at the tip apex was verified by focusing a 

laser beam into the backside of the tip and by observing the light emitted 

by the tip apex. Figure 10.9 shows a top view of the extremity of a 

cantilever with integrated square quartz tip. The cantilever is illuminated 

from the back with a laser beam. It can be seen that the tip is covered with 

a pinhole-free metal coating and that an aperture is present at the tip apex. 

The stray light around the cantilever comes from reflections inside the 

optical system. 
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Figure 10.9: Image of the light transmitted through a quartz tip 

integrated on a silicon cantilever. The arrow points to the light emitted 

from the aperture. The stray light in the background comes from 

reflections in the optical system (courtesy M. Freyland). 

10.4 Simultaneous AFM and SNOM imaging 

Using the cantilevers with integrated quartz tips, simultaneous AFM and 

SNOM imaging in illumination mode was performed. The images were 

acquired using a specially designed mounting head. This head allows two 

laser beams to be focused onto the backside of the cantilever. The first 

beam is focused onto the quartz tip and its position is adjusted until light 

is transmitted through the aperture at the tip apex. The other beam is used 

for monitoring the deflection of the cantilever. Its reflection point is 

slightly displaced along the cantilever away from the tip, towards the bulk 

of the chip. 
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Two different samples were imaged. The first sample consists of a grid of 

1.5 jim wide and 70 nm thick, opaque, aluminum lines on a transparent 

pyrex-glass substrate. The second sample is a metal pattern obtained by 

using closely packed 200 nm in diameter latex spheres as shadow masks 

during metal evaporation. This results in a hexagonal array of small metal 

islands, the mean distance between two adjacent islands being about 

115nm. 

Figure 10.10 shows a simultaneous SNOM and AFM image obtained 

from the aluminum lines sample. The images were recorded in contact 

mode. 

Figure 10.10: Simultaneous AFM and SNOM imaging of a grid consisting 

of 1.5/jm wide and 70 nm thick aluminum lines on a pyrex substrate. The 

left image is the topography recorded in contact mode and the right 

image is the detected light intensity. 
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Figure 10.11 shows an ¡mage of the latex sphere projection pattern. This 

image was obtained by increasing the tip to sample distance and by 

turning off the topography feedback. This was done in order to reduce the 

influence of topography as much as possible [2]. The small metal islands 

are clearly resolved. Therefore, since they are 115 nm apart, the resolution 

obtained with this probe is considerably better than lOOnm. 

Figure 10.11: SNOM image of a latex sphere projection pattern. The 

mean distance between two adjacent metal islands is 115 nm. 

These images were realized by R. Eckert, as part of his thesis work. 
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10.5 Conclusion 

Combined SFM and SNOM probes have been fabricated. They consist of 

a silicon cantilever with an integrated 25 um high quartz tip. Behind the 

quartz tip a hole in the cantilever allows access to the backside of the tips. 

The probes are suited for dynamic as well as static mode AFM imaging. 

Simultaneous SNOM imaging in illumination mode and AFM imaging in 

contact mode was demonstrated. SNOM images of a sample constituted 

by small metal islands 115 nm apart have been obtained. From these 

images one can conclude that the optical resolution of the probes is 

considerably better than 100 nm. 

The deflection of the cantilever can be measured with the beam deflection 

method. However the laser source needed for this kind of detection 

scheme produces some background signal. To eliminate this noise source 

it should be possible to integrate a deflection sensor such as a 

piezoresistor on the cantilever. 
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11 Final conclusions and outlook 

The widespread use of Scanning Nearfield Optical Microscopy is 

impeded by the fact that the existing microscopes are difficult to use and 

produce inconsistent results. This is mainly due to the quality of the 

SNOM probes themselves. Compared to Atomic Force Microscopy no 

"standard" SNOM probes, with well-defined properties, exist. 

In this thesis micromachining techniques were used for the development 

of new SNOM probes. The use of micromachining for the fabrication of 

these probes has different advantages: 

• The SNOM tip can be integrated on an AFM cantilever. By doing this 

the distance regulation is simplified and the probes are rendered less 

fragile. Furthermore, deflection sensors and actuators can be integrated 

on the cantilevers, thus, further simplifying the measuring setup and 

opening the possibility for parallel imaging. 

• A better homogeneity in probe characteristics can be achieved by 

using well-established micro fabrication techniques. 

• The probes can be batch-fabricated in great numbers. Therefore the 

price for a high quality probe could be lowered. 

Two different SNOM probes were microfabricated: an "active" probe and 

a "passive" probe. 

The "active" probe consists of a silicon AFM cantilever with an integrated 

tip. A photosensitive p-n junction is integrated into the tip, which is 
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covered with an opaque aluminum layer into which a nanometer-sized 

aperture is machined at the apex. Using this probe simultaneous AFM and 

SNOM imaging was demonstrated. However the probe needs to be 

optimized in order to achieve a higher optical resolution and sensitivity. 

An advantage of this probe is that no collection optics are needed. Thus, 

by adding a sample illumination unit, standard AFM instruments can also 

be used for SNOM imaging. Furthermore, by integrating deflection 

sensors and actuators on each cantilever, arrays of such probes could be 

used for parallel imaging. 

The "passive" probe consists of a thin silicon cantilever with an integrated 

quartz tip. Again, the tip is covered with an opaque aluminum layer with a 

nano-aperture at the apex. An opening in the cantilever allows light to be 

detected or focused into the tip from the backside. In comparison to the 

"active" probe, which can only measure the local optical intensity of a 

sample, this probe can benefit from all optical contrast mechanisms. 

These probes were used for simultaneous AFM and SNOM imaging and 

an optical resolution better than 100 nm was obtained. 

To allow the fabrication of these probes, a new nano-structuring 

technique, relying on a tip effect during RJE was developed. Using this 

method, SNOM apertures down to 30 nm in diameter were patterned on 

different microfabricated tips. These apertures were then characterized 

optically and by SEM observation. This versatile batch-structuring 

method is insensitive to tip height and fully CMOS compatible. Therefore 

it can easily be integrated into an existing microfabrication process. Nano-

cavitics and nano-electrodes were also fabricated using the same 

technique. 
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The use of the probe with integrated p-n junction has shown that stray-

light generated signal is an important issue. Therefore, during the design 

of an "active" probe, careful consideration must be given to the following 

aspects. To avoid stray-light from reaching the aperture, the probe should 

be fully encapsulated in a thick opaque meta! layer. This includes the 

front and the backside of the AFM cantilever. An aluminum layer, 50 nm 

in thickness, is not opaque enough. Also, the photosensitive element 

should be small in size and located close to the tip apex. 

The optical characterization of apertures structured on quartz tips has 

shown that qualitative information about the shape of an aperture can be 

gained by observing the emission pattern of the aperture in the far-field. 

By numerically calculating the patterns produced by non-round apertures 

such as square, triangular, or elongated apertures one could further 

improve this characterization method. 

Finally, the fabrication process of the "passive probe" proves that quartz 

structures, of substantial size, can be integrated on a silicon substrate. 

Therefore, new interesting devices can be fabricated. The SNOM 

cantilever probe with integrated quartz tip is one example. These probes 

show a great potential for SNOM imaging. 

The Integrated Circuits (IC) industry is constantly decreasing the size of 

electric components. To fabricate such small structures special 

lithography techniques have been developed such as E-beam lithography, 

deep-UV lithography, or X-ray lithography. All these techniques are very 

expensive and technologically demanding. 

A real alternative to these methods would be using SNOM probes for 

high-resolution optical lithography. However, in order to increase the 

throughput large arrays of probes must be used. Figure 11-1 shows an 

array of quartz tips with nano-apertures that could be used for this 
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purpose. Such arrays could also be used in high-density optical data 

storage. 

Figure 11-1: Array of quartz SNOM tips for high-resolution near-field 

lithography. 
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