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! infroduction

Standard optical microscopy is the most widely used tool for the
observation of objects. It is very appreciated becanse 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 hailf a micron for visible light [1]). More complicated confocal
microscopes, which illuminate the sample locally instead of globally,
achieve a resolution of 0.2 microns [2]. In some particular application
fieids, however, this resolution is not enough. These limitations have
triggered the development of Scanning Near-field Optical Micrescopy
(SNOM) which can generate optical as well as topographical images of a
samplc surface with a lateral resohition 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 fluotescent-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 & 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




Intraduction

Atamic Force Microscope {(AFM) uses a sharp tip at the end of a soft
cantilever to probe the surface. The farces 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 requirés 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 1s made using another near field effect, like for exampie

inter-atomic forces or tunncling 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 aver the sample and the light transmitied 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 Diirig et al. [5].

Maost 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 é._pecial 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 remaving it at the tip
apex, using an etching agent [B,9] or a Focused lon Beam (FIB)
[10,11,12]. A drawback cf these fabrication processes is they do not allow

for a great number of probes to be fabricated simultaneousty. Furthermaore
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Chapter !

the probes do not have reproducible properties and are delicate to handle
because of their 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 methed,
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 pets 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 rcasons SNOM microscopy is not yet a widely used
tool for characterizing surfaces and its use ts still limited to specialists.
Oie very promising way of getting past some of these disadvantages 15 to
build the SNOM sensor using well-established microfabrication
techniques. Microfebrication 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. Furtbermore, 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 zalso called atomic force microscape (AFM) was
built in 1986 in California [1], four years after the development of the
STM {2]. It consisted of a combination between & 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 congists of a thin soft cantilever beam with 2 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
microfsbrication, 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 destecting weak forces acting between a tip
and a sample. This is done using a for¢ce 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 fecdback signal for the scanner, the aim being
10 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 samplc is recorded in a
computer (Figure 2.1). If contact forces are measured, this resulis in a

high-resolution image of the topography of the sample.,

———— o]

b J

| Fecdback loop
| controller
Computer l—r X, ¥, 2, scanner

Figure 2.1; Schematic view of an AFM. The force is measured with a

flexible cantilever beam. The cantilever deflection is detecied and the
Jorce 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.

Distance
e i

1 4 [I

Figure 2.2: Qualilative representation of the potential encountered by a

Potential

tip versus distance to the sample surface. In contact or very close to the
surface, in regime I, repulsive forces are measured. In domain IT and IIT

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 inteprated 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.







Chapter 2

2.4 Deflection measurements

As previously mentioned the deflection of the cantilever mnst 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 en 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 clesely placed
optical fiber onto the backside of the cantilever (7, 8]. This measurement

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

2.43 STM tip

This method was chosen for the realization of the first AFM. A tunneling
tip is mounted close to the backside of the cantilever and a voltage bias is
applied [1]. High resolntion is ebtained by measuring the changes in
tunneling cnrment 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 alse 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, 11]. Drawbacks of this

method are & 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 resistar, 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 fo stress and thus can be
used as a deflection sensor. Details about this method ¢an 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

fahrication process.
2 M b j c)[j
d)% % 0 _2_7'

Figure 2.4: Different cantilever deflection measurement techniques. a)
laser beam deflecticon, b) interferometry, ¢} tunneling tip, d) capacitance,

e) piezoresistive, {) piezoelectric.
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2.5 Conclnsion

Scanning Force Microscopy is a well-established characterization method.
Tts flexibility and precision makes it 2 useful tool in many application
fields.

The AFM probes are produced wsing silicon bulk micromachining
technology. This same technelogy 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 iutegration of actuators and
deflection sensors makes it possible to increase the throughput by

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

3.1 lotroduction

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 cvanescent (non-propagating) high order
components of the optical field. ldeally 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 1355 by O'Keefe [2]. But at that
tim¢ technology was net sufficiently advanced to overcome the

fabrication difficultics 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].

13
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3.2 Near-field imaging

In a conventional optical microscope ihe 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 limiled
by diffraction. Abbe’s [4] equation gives the minimum distance between

two objects which can still be resolved:

0.614_ 0614
n-sind  NA

AX =

Equation 3.1 Abbe’s equation showing the resolufion that can be
obtained with an optical system. 2 is the wavelength of the light. NA is the
numerical aperture of the lens system. NA is a finction of the refractive
index, n, and the maximum angle, 8 at which light can still enter the lens

system.

A good standard optical microscope typically has & nurmerical aperture of
NA = 0.9 in air {n =]). This leads io a maximum resolution of abont

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
smail 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.

14
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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.

PLyb bl [

—»| 4= <<}

1<<x1

T -

V

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 surfuce. 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 tbe distance coutrol. 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.

15
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3.3 Modes of operation of a scanning near-field probe

3.3.1 NMlumination mode

In this mode of operation, the aperture is used as a localized light source,
which illnminates the sample. The light that reaches the detector contains
the optical information of only a very small part of the sample surface. .
The tip 1s 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.

/N

Figure 3.2: Operation in illumination mode. The aperture is used as a
point source to illuminate the sample. Light transmitted through tire

sample is detected in the far-field,

16
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332 Collection mode

This is the opposite configuration from the illumination mode. Here the
aperture s used as a point-detector. The sample is illuminated in
transmission from the backside, and cnly 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 tbe fluorescent dyes on a

Jarge surface.

Figure 3.3 Collection mode. The sample is illuminated in transmission

and light passing through the aperture is detected.

17
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1.3.3 Reflection mode
This is the only SNOM mode, which can be used for the imaging of

non-transparent samples. When the sample is 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-ficld). However
illumination can also take place from the side, the light being detected
through the aperture. General problems are [ow 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 lipht reflected in the tapered region

of the probe, making detection more difficult,

A

Figure 3.4: SNOM in reflection mode. When the sample is illuminated
through the aperture, ihe veflecied light is collected through the tip or by
a lateral detector. It is also possible io illuminaie the surface from the

side and collect reflected light through the aperiure.

I8



Chapter 3

3.3.4 Photon Scaoning Taoneling 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.

A7\

Figure 3.5: Photon Scanning Tunneling Microscope (PSTM). An
evanescent fleld is created by total internal reflection, on the sample
surface. The field is then probed by a dielectric tip with or withow

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 oplical characteristics of

aperiure probes

4.1 Introduction

An aperture probe is usnally constituted by a tapered, metal covered,
waveguide or a hollow metal tip, 1t 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 iocalized light source, the transmission is the
ratio between the optical power transmitted through the aperture and the
total input power. In some patticular 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

21



Optical characteristics of aperture probes

[1]. 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 dissipatcd 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 oceur {2].

For a perfect waveguide with a perfect metal coating (Emen = ) the

critical diameter d, is expressed by [3]:

A 1

d.::_: '
2n 2

Eguation 4.1: Critical diameter of a perfect waveguide. 1 is the
wavelength of light in vacuum and n, the refractive index of the dielectric

material. A, 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 zere,

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:

s region of
h" high losses

region of
high losses

probe w_ilh large taper angle

ol L ry o+
N B

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 (sce
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/¢’
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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 18 aluminum. Aluminum has a short skin depth of 12.7 nm at
A = 500 nm, Thus the effective diameter of 2 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 iniensity of a light

wave to about 4x10™ of its original intensity.

4.4 References

[11 L. Novowmy, C. Hafner, Physical review E 50, 5 (1994), pp. 4094-
4106.

[2] D. I Kavaldjief, R. Toledo-crow, M. Vaez-Irvani, Appl. Phys. Lett.
67, (1995}, pp. 2771.

[3] J. D Jackson, Klassische Elekwrodynamik, 2 Auflage, Walter de
Gruyter, Berlin, New York, Kapitel 8.3 (1982).

[4] M. V. Klein, T. E. Furtak, chapter 2 in Optics, second edition, John
Wiley & sons, New York.

24



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 chanpe in oscillation amplitude or
frequency is monitored and used as a feedback signal to control the
distance.

In this chapter fabrication methods for fiber-hased SNOM probes will be
presented along with the advantages and major flaws of this type of

probes.
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3.2 Sbaping 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 €0, 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 centrolled precisely fo fabricate sharp tips [1].

19887 ‘0D

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 107 to 10 [1]. 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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5.3 Aperture formation

Once the end of the fiber is turned into a sharp tip, apertures are pattemed
into an opaque metal coating at the fiber-tip apex. The most commeon
aperture fabrication methods giving good results are metal evaporation
and Focused Ton beam (FIB) structuring. Because of its small skin depth

(12.7 nm &t A = 300nm) aluminwm is often chosen as coating material.

5.3.1 Metal cvaporation

During metal evaporation the fibers are placed vertically in a holder and
rotated as metal {usually aluminnm) 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 aluminnm grains form at the
tim 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 image and the optical

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

. 0‘“
X
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Figure 5.3: Metal is evaporated on a rotating fiber under an angle such
that the tip apex Is not covered.
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Apertures fabricated by lon-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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é Microfabrication of nanomeler

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 corvatre at the tip apex, for high-resolution
imaging [1]. 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 resolntion 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 strucrire 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 circnits on slabs of

manacrystalline silicon.

6.2.1 Siandard phatolithography

Photolithography is the process by which a geometrical pattern is
transferred from a mask inta a layer of photosensitive polymer covering
the substrate. The polymer also called photoresist or simply resist, is
sensitive ta UV light and can be either “positive” or “nepgative” depending
on whether the exposed parts are remaved during development or not.
The resist structures are then transferred into the underlying layer by a
selective etching process which only auacks the unmasked paris 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 ta be patterned is
deposited. The resist is then removed in a solvent and only the material
deposited between the photoresist structurcs remains on the substrate.
Since care mus! be taken not to destray the resist structures, this so-called
“lift-of ™ process can only be nsed for the strucwring of materials
deposited at low temperatures such as metals for example.
Photalithography 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 ag
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” om 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 60°C. 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 beamn
can all he used for the etching of silicen. Here we will focus on plasma
etching, which is donc in a reactor where a plasma is sustained.

Thete 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 compouad. During Reactive Ion Etching (RIE) the ions

35



Microfabrication of nanomeler-sized apertures

are accelerated towards the substrate and there is a chemical as well as
mechanical action, During lon milling, the ions do not chemically react
with the 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 verticality is achieved by tuning the etching
parameters such as, electrode power, substrate ter;lperature, 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 (DRIE). They allow the 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 1000°C. Teo
obtain CVD axide certain gases such as silane and oxygen are made to
react in a reactor where the substrate is placed. This kind of axide has the
advantage that it can be deposited on other substrates than silicon and that
ils composition can be modified by adding other gases to the reactor.
However the insufating properlies of CVD oxides such as breakdown
valiage are not as good as thase of thermally grown oxide. Silicon oxide
is mostly etched using a buffered solution of hydrofluoric acid called
BHF. The buffer, NH,F, 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 (FECVD) which allows lower
deposition temperatures, Becanse 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 circnits.

Metals are mostly deposited by evaporation and structured by wet

chemical etching or lift-off.
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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 situarion 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

6.3.3 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: + Mo 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 doring reactive ion etching (RIE} in a floorine and chlorine
{C,CIF, + SF) 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 the voltage is tumed 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 aver 100V DXC. 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 the tip apex than an the
sidewalls. We believe that this field enhancement is responsible for the
higher etching rate observed on ithe tp apex. Depending on the tip
material, a tayer 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 ]
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 eiching a DC bias
voltage of 100V appears at the electrodes. Once patterned this strnctured

nitride layer can be vsed as a mask for further processing steps.
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7 Aperture characterization

7.1 Introduction

lo the previous chapter a SNOM aperture fabrication process has been
presented. Using this process apertures have been siructured into
aluminum films covering two different kind of tips: silicon AFM tips and
quartz (fuscd 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 resclution 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 [1]. 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 net
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 aperturcs was found to
be around 70 nm with the smallest being 50nm in diameter and the largest
in the 100 mn 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 d-inch
wafer.

The main problem encountered with aperiure 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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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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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 am in diameter structured on

round tips were found to be in the order of 10°,

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 zperture
fabrication on silicon AFM tips is the random appearance of “knife
edges” during the tip fahrication. An improved tip fabrication process is
necessary 10 obtain a better yield of usable apertures. Changing the mask
shape, in order to obtain tips that are defined by three silicon erystalline
planes could solve this problem, Other possibilities arc the fabrication of
tips by isetropic 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 pattcrn  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 Microfabricated SNOM probes

8.1 Introdnction

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 case of use of the AFM distance control method.
Furtbermore, 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 simuitaneous 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 nsing silicon micromachining techrology:

» One approach consists of detecting the light in the probe itself, by
integrating a light sensor.

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

on a SFM cantilever,

63









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.

8.3 References

33

(2]

i3]

[4]

5]

(6]

[7]

(9]

R. C. Davis ,C. C. Williams and P.Neuzil, Appl. Phys. Lett. 66 ,
2309 (1995).

S. Heisig, H.-U. Danzebrink, A. Leyk, W. Mertin, 8. Miinster, E.
Oesterschulze, Ultramicroscopy 71, 1-4, (1998), pp 99-105.

Y. Tanaka, K. Fukuzawa and H. Kuwano, J of Appl. Phys. 83,7
(1998), pp. 3547-3551.

W. Noell, M. Abraham, K. Mayr, A, Ruf, ]. Barenz, O. Hollricher,
. Marti and P. Giithner, Appl. Phys. Lest. 70, (1997) pp. 1236.

M. Radmacher, P. E. Hillner, P. K. Hansma, Rev. Sci. Instrum. 65,
8 (1994), pp. 2737-2738.

A. G. T. Ruiter, M. H, P. Moers, and N. F. van Hulst, J. Fac, Sci.
Technof. B 14, 2 (1996), pp. 597-601.

H. Zhou, A. Midha, G. Mills, 5. Thoms, 5. K. Murad, I, M, R.
Weaver, J. Vac. Sci. Techrol, B 16, 1 (1998), pp. 54-58.

Phan Ngoc Minh, Takahito Ono, Masayoshi Esashi, fEEE, (1999),
Pp. 360-365.

E. Qesterschulze, 0. Rudow, C. Mihalcea, W. Scholz, §. Wemer,
Ultramicroscopy 71, (1998), pp. 85-92.

66






AFM cantilever with integrated p-n photodiode

In previous work, other groups have integrated Shotiky diodes as light
sensors [1, 2] into microfaricated tips. Shottky diodes have one advantage
over p-nt 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 SOI1 (Silicon On
Oxide) wafers with a 22 um thick, p-doped, device layer, This device
layer which has a resistivity of 0.03 /em? is highly doped to ensure that
cohmic 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 bach-side patterning (Figure 9.3, 1)

After cleaning, a layer of thermal siltcon dioxide is grown on the wafer,
fellowed by the deposition of LPCVD (Low Pressure CVD) silicon
nitride. Then by lithography the pattems 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 are 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 pm.

9.i.2 Formatioo of the photodiode {Fignre 9.3, b)

A layer of n-doped CVD (chemical vapor deposition) silicon oxide is
deposited on the wafer surface. This layer is then stmctured so that an
oxide pad is left on the fip. A special lithography process invelving a 40
um thick photoresist layer [4] 15 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 °C 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.

92.1.3 Cantilever formation (Figure 9.3, ¢)

Using a deep reactive ion etching the cantilevers are cut out (Figure 9.3,
¢). The buried oxide of the SOT 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 pm 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 um in thickness) is used, the

tip 13 not totally covered and the nitride 15 aiso 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 ¢ircuiting the
photodicde. Here, PECVD silicon nitride is used instead of LPCVD
nitride because it can be casily 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 paiterned (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 struetured (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 RIE [6]. This silicon

nitride layer is then used as a mask to etch the aperture info the metal film
(Figure 9.3, f}.
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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 100pm wide and about

Sum thick.

Cantilever length | 600 um | 800 pm [ 1000 pm
| Resonance fr_f;qﬁalcy ~ 20KHz | 11 KHz [ 7KHz
Spring constant | 25Nm | | N/m 0.5 N/m

Figure 9.4: SEM micrograph of an 800 wm long cantilever with
integrated tip and built in photodiode. The lever is 100um wide and the
silicon tip is 15pm 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 9.9: typical 1V curve of an integrated photodiode.

9.5 Simultaneous AFM and SNOM images

To test the response of the integrated photodiode the probe was scanued
over an optically active sample. A laser diode was chosen for this
purpose. Again, a commercial AFM instrumeut (© 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
simultanecons AFM and SNOM image acquired in contact mode with the
diode being biased with a voltage of —5 velts. 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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More precise investigations have shown that the difference betwecn the
fiber-based SNOM image and the cantilever-based SNOM image is due 1o
the fact that light can aiso reach the photodiode through other paths than
the aperture. For example, a subsiantial photocurrent can be gencraled by
locally illuminating the cantilever on the aluminum ceating forming the
aperture. A current i$ also measured when the cantilever is illuminated
next to this aluminum coating. Thus the image shown in Figure 9.10 is a

eonvolution berween different optical eontribution.

Several explanations can be given to this behavior. First of all the junction
depth at the tip apex is much greater than the junction depth on a flat
surface. This is simply doe 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 partieularly insensitive to
light. The diffusion process nsed in the fabrication of the probes generates
jonctions that are about | pm deep on flat surfaces. Figure 9,12 shows that
the junction at the tip apex is a least 2 pm 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
melal ¢oating and its thickness an importani issue because light
penetrating the side-walls or the base of the tip can more easily generate a
eurrent than light travelling throngh the aperture. An alominum coating 50
nm in thickness, as used in the probe fabrication, attennates the intensity
of a light wave only to about 4x10™ of its original intensity. This is not

encugh compared to the transmission through the aperture, which is in the
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The characteristics of the praobe 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,

o Increasing the thickness of this aluminum layer {o 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.

2.6 Conclusions

The concept for a new type of micromachined nearfield probe with
integrated light detector has been demaonstrated. 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 incrocase the
sensitivity. Al present state they are not well suited for high resolution
imaging of radiative samples. 1t is possible that they can be used for the
probing of evanescent fields created by Total Internal Reflection {TIR),
but this needs ta be verified.

The fabrication pracess 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 & higher sensitivity is necessary.
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quartz structure of substantial size and thickness is integrated on the
silicon subsirate, 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 mpture of the structures, Since many commonly used materials are
deposited at temperatures higher than 400°C (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 Fabric ation sequence

10.1.1 Back-side structaring of the wafers (Figure 10.3, a, b)

For this process 4-inch wafers with a thickness of 520 pm were used.
First, silicon oxide is grown on the wafer surface, followed by the
deposition of an LPCVD silicon nitride layer, botb layers being 200 nm
thick (Figure 10.3, a). The nitride and oxide is then patterned on the
backside by RIE and wet etching in BHF respectively. The wafer is then
etched in KOH unti] a silicon membrane of about 30 um 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 Cantile ver definition (Figure 10.3, ¢, 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 strucwred by
photolithography and wet etching in BHF (Figure 10.3, ¢). 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 pm deep

etching the oxide is used as masking material.

10.1.3 Quartz wafer bonding and thinning (Figure 10.3, ¢, )

Prior to bonding, the silicon oxide is removed form the top surface by wet
etching in BHF (Figure 10.3, ¢).

At thig 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 spontancously. The bonded wafers are then cured in a
vacuum oven at 100°C for 12 hours. This increases the bonding strength.
100°C is the highest temperature at which the stlicon-quanz sandwich can
be heated without the two wafers seperating again. Good bonding is only
possible if both surfaccs 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 pm thick, is then thinned
down to 30 pm in a 50% HF solation (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 A.
Now that the quartz layer is only 30 pm thick the wafer can be cured at
200°C for further increasing the bonding strength.
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Figure 10.3: Schematic fabrication process of a silicon cantilever with
integrated quartz tip. {a) Grawth af a silicon oxide and a silicon nitride
layer. (b) Backside structuring of the nitride and axide. 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
guariz wafer. (g} Deposition and structuring of an amorphous silicon
mask. (h) Eiching 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 3 pm 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 pm
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 pm in length,
have a resonance frequency of 14 kHZ and a spring constant of 1 N/m.
The 25 pm high integrated quartz fips have been fabricated in different
shapes. Round, square, and friangular 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 thase 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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10.5 Conclusion

Combined SFM and SNOM probes have been fabricated. They consist of
a silicon cantilever with an integrated 25 pm high gquartz 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.
Simultancous SNOM imaging in illumination mode and AFM imaging in
contact modc 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 bearn deflection
method. However the laser source needed for this kind of detection
scheme produces some background signal. To eliminate this noise source
it shomld be possible to integrate a deflection sensor such as a

piezoresistor on the cantilever.
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11 Final conclusions and outiook

The widespread use of Scanning Nearfield Optical Microscopy is
impeded by the fact that the existing microscopes are difficult to nse and
produce inconsistent results. This is mainly due to the quality of the
SNOM probes themselves. Compared o 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:

s 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 paralle! imaging.

* A better homogenecity in probe characteristics can be achieved by
using well-established microfabrication techniques.

s 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 siticon AFM cantilever with an integrated

tip. A photosensitive p-n junction is integrated into the tip, which is

99



Final conclusions and outlock

covered with an opaque aluminum layer into which a nanometer-sized
aperture is machined at the apex. Using this probe simuitaneous 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

vscd for paralle! imaging.

The “passive” probe consists of a thin silicen cantilever with an integrated
quartz tip. Again, the tip is covered with an opaque aluminum [ayer with a
nano-aperiure at the apex. An opening in the cantilever allows Jight 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 simultancous AFM and SNOM imaging and

an optical resolution better than 100 nm was obtained.

To allow the fabrication of thesc probes, a new nano-structuring
technigue, relying on a tip effect during RIE was developed. Using this
methed, SNOM aperturcs down to 30 nm in diameter were pattemed on
different microfabricated tips. These apertures werc then characterized
optically and by SEM observation. This versatile batch-strucharing
mcthod is insensitive to tip height and fully CMOS compatible. Therefore
it can easily be integrated into an existing microfabrication process. Nano-
cavities and nano-electrodcs 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 metal 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 aobserving the emissicn pattern of the aperture in the far-field.
By numerically calculating the patterns produced by non-reund apertures
such as square, triangular, or elongated apertures one could further
improve this characterization method,

Finaliy, 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 snch small structures special
lithography technigues 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 altermative to these methods would be using SNOM probes for
high-resalution optical lithography. Howecver, 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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