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Chapter 1
Introduction

This chapter starts with a brief introduction into the
theory of optical image formation, leading to the
resolution limit in conventional far-field optical
microscopy. Next, a method to overcome this limit is
introduced which implies probing the near-field. This can
be achieved in a near-field scanning optical microscope
(NSOM). The following section will present a short
overview of the instrumental and experimental
accomplishments in near-field optical microscopy.
Finally, the last section will give the scope of this thesis.

Chapter 1

1.1 Optical microscopy
Traditional optical microscopy, based on lenses, has been the most
popular microscopical method in existence for over 300 years. Reasons
for that are the ease of use of the microscope, low cost and identical
optical contrast mechanisms as observed with the naked eye, e.g.
spectroscopically resolved absorption, reflection and/or transmission
contrast at non-homogeneous samples.
Despite the advantages, the optical resolution is diffraction limited to
approximately half the optical wavelength, i.e. about 300 nm. The next
sections will show the origin of this limit and will reveal how to
overcome this limit, by looking at the optical image formation [1].
Consider an object, of limited size, with a transmittance of f(x,y,0).
The spatial frequency spectrum F(u, v) can be written as,
∞

F ( u, v ) =

∫ ∫ f ( x, y,0)e

− j 2π ( ux + vy )

dxdy

(1.1)

−∞

Because of the limited size of the object the spectrum contains
frequencies from zero to infinity. If a plane wave illuminates the object,
the field U(x, y, 0) just behind the object (see Fig. 1.1) can be written as
U ( x, y,0) ≡ f ( x, y ,0)

(1.2)

which can be described as the inverse Fourier transform of the spatial
frequency spectrum,

Figure 1.1: Optical image formation: field distribution at z
due to the field at z=0.
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∞

U ( x, y ,0) =

∫ ∫ F ( u, v )e

j 2π ( ux + vy )

(1.3)

dudv

−∞

The field at the object can thus be regarded as a superposition of plane
&
waves propagating in the direction k = ( k x , k y , k z ) = (α , β , γ ) 2π λ , with
the direction cosines,

α = λ u , β = λ v and γ = 1 − α 2 − β 2

(1.4)

Eq. (1.1) thus contains the angular frequency spectrum of the object
field U(x, y, 0). Choosing the observation plane at distance z, the angular
frequency spectrum can be written as,
F (α k 2π , β k 2π , z ) = F ( α k 2π , β k 2π ) e jkz

1− α 2 − β 2

(1.5)

This equation reveals that only a limited range of angular frequencies
propagates in the z-direction. Two cases can be distinguished:
: the argument of the exponential function in eq. (1.5)
α2 + β2 <1
is imaginary corresponding to a wave propagating in the z-direction
towards the observation plane.

α2 + β2 >1

: eq. (1.5) can be rewritten as

F (α k 2π , β k 2π , z ) = F ( α k 2π , β k 2π ) e − kz

α 2 + β 2 −1

(1.6)

where the argument of the exponential function is real. As a consequence
the amplitude of the wave decreases exponentially in the z-direction.
Since α and β are proportional to the spatial frequencies u and v, it is
seen that for low spatial frequencies and thus for low angular frequencies
the waves propagate in the z-direction towards the observation plane.
These components are the far-field components of the angular frequency
spectrum. The high spatial frequency components are only present near
the sample and decay exponentially in the z-direction. The region near
the sample containing the high spatial frequency components is called the
near-field zone.
1.2 Far-field
In conventional optical microscopy, lenses with a limited numerical
aperture (NA = sin(θ) ), are placed in the far-field. Consequently, only
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waves propagating with their k-vector within the NA will reach the
detector,
& &
sin( z , k ) < NA
(1.7)
⇒

α 2 + β 2 < NA2

(1.8)

Using eq. (1.4), this means that only spatial frequencies (u, v) which are
smaller than NA/λ are detected, corresponding to lateral distances in
U(x, y, 0) larger than λ/NA. As a result, the maximum achievable resolution at the image plane is limited to λ/NA; the diffraction limit, Abbe [2].
Similarly, Rayleigh defined the diffraction limit as the distance
between two objects for which the intensity maximum of one object
coincides with the first minimum in intensity of the second object. This
resolution limit can be determined by looking at optical image formation
[3] as, 0.61⋅λ/NA, which is the Rayleigh criterion.
1.3 Near-field
Eq. (1.6) revealed that waves containing the high spatial frequency
information of the object do not propagate but decay exponentially with
the distance from the object. Near-field scanning optical microscopy
(NSOM) is based on detection of these non-propagating evanescent
waves in the near-field zone, in order to obtain the high spatial frequency
information of the object. For this a probe has to be brought into the
near-field zone, close to the sample to either detect the near-field
directly, by means of a nanometer-size detector, or to convert the
evanescent waves into propagating waves and detect these in the farfield, by using a nanometer-size scatter source or a waveguide with subwavelength size aperture. As these methods detect the already present
near-field this mode of operation is called the collection mode. An other
method is to use the illumination mode in which high spatial frequency
waves are introduced near the sample, by a sub-wavelength light source,
and propagating waves, resulting from an interaction between the nearfield and the sample, are detected in the far-field.
1.4 Near-field optical microscopy
1.4.1 Instrumentation
In the previous section was described that the near-field scanning
optical microscope can essentially work in either collection of
4
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illumination mode. In both cases a probe has to be brought into the nearfield zone close to the sample. Because of the exponential decay of the
near-field waves the probe has to be kept at constant distance to the
sample in order to avoid intensity changes due to different probe-sample
distances on top of the absorption and reflection properties of the sample.
Most of the operational near-field scanning optical microscopes use the
illumination mode. The sample is illuminated through a sub-wavelength
size aperture which is kept at constant distance to the sample using a
distance control mechanism. Through this distance control mechanism,
height information about the sample is simultaneously obtained with the
optical image.
Already in 1928 E.H. Synge published “A Suggested Method for
extending Microscopic Resolution into the Ultra-Microscopic Region”
[4] which contained all elements of today’s near-field optical microscope
although at that time non of these elements existed, e.g. laser, piezoelectric elements and sub-wavelength size aperture. The first near-field
experiment was published by Ash and Nicholls in 1972 [5]. They
presented an aperture type near-field experiment in the micro-wave
region (λ = 3 cm), showing a resolution of λ/60.
The first near-field experiment in the optical domain was published in
1984 by Pohl et al. at IBM Zurich [6]. They used a metal coated quartz
tip which was pressed against a surface to create an aperture. To create
an image, the probe was put in contact with the sample at each pixel, and
retracted during the movement to the next pixel in order to avoid tip
damage. Since then new developments have followed at an accelerated
pace, most of which were improvements on the near-field optical probe.
The first improvement came with the introduction of the micropipette
[7,8] by Betzig et al. at Cornell University. In 1991, Betzig et al.[9] at
AT&T Bell Laboratories introduced the use of single-mode optical fibers
as near-field optical probes, which at present is the most popular probe.
One end of the fiber is tapered to a tip size of approximately 50 nm and
subsequently coated with aluminum to create a sub-wavelength aperture
at the end of the otherwise opaque fiber. To keep the fiber at close
distance to the surface a distance regulation scheme was implemented
[10,11]: the shear-force control mechanism. Fig. 1.2 displays the
schematic of a near-field scanning optical microscope based on a fiber
probe. Here, the image of the aperture of the fiber tip is aligned onto the
detector while the sample is scanned underneath the tip. The distance
between tip and sample is controlled by the shear-force feedback system,
which will be further discussed in Chapter 3.

5

Chapter 1

Figure 1.2: Schematic of a near-field scanning optical
microscope based on a fiber probe.

Near-field scanning optical microscopes have been developed in
order to operate under various conditions, in vacuum at low temperature
[12,13], in liquid [14,15] or at the air-liquid interface [16].
Currently, effort is being directed towards the development of new
cantilever type probes which can be scanned in contact with the sample
surface. Other advantages are the reproducible batch fabrication of these
probes by using micromechanical techniques, the possibility to further
optimize the transmission efficiency, and the use of scanning modes
which are common in atomic force microscopes. The cantilever probes
can be roughly divided into aperture-type probes [17-20] and miniature
detector probes [21-27]. At the moment, however, the results obtained
with the cantilever probes are not yet competitive with those obtained
with glass fiber probes although expectations are high, as the quality of
the cantilever probes increases rapidly.
Although accessibility of the instruments has been improved by the
introduction of commercial instruments, like the Aurora and the Lumina
by Topometrix and the NSOM-100 based on a bent fiber by Nanonics,
6
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still operating a near-field microscope requires quite some skill and
training. This forms a large barrier for widespread use of the instrument.
1.4.2 Experimental results
Near-field scanning optical microscopes are applied in a large number
of different disciplines, where the benefit of the sub-wavelength
resolution of the microscope and its simultaneous topography
measurement capability could be used.
Examples can be found in biology and chemistry [28-33], where for
example Dunn et al. [29] performed fluorescence imaging and
fluorescent lifetime measurements on pieces of intact photosynthetic
membrane observing light harvesting complex proteins embedded in
single membrane bilayers, with 120 ps time response and a spatial
resolution of 100 nm. Moers et al. [32] performed near-field fluorescence
measurements on in situ hybridized human metaphase chromosomes,
showing two-color fluorescence imaging and simultaneous topography
imaging with an optical resolution better than 100 nm.
Other experiments were performed in the field of magneto-optics [3437], where for example Betzig et al. [34] showed a recording resolution
of 60 nm, corresponding to data densities of approximately 45 Gbits/in 2.
In the study of quantum wires [38,39] Grober et al. reported the first
spectroscopic study on a single quantum well at 1.5 K with a near-field
scanning optical microscope.
In optical nano-lithography [40-43] Naber et al. produced line width
of 80 to 150 nm in conventional photosensitive resist.
Near-field scanning optical microscopes have also been used for the
inspection of optical waveguides [44-46]. For example, Borgonjen et al.
developed a microscope based on AFM-cantilevers probes which scatter
the evanescent field present over a ridge waveguide. In this way, field
profiles from waveguides and integrated optical devices, such as Yjunctions and wavelength splitters, could be measured.
A few experiments have been performed to study Raman imaging
[47-49] with a near-field scanning optical microscope. However, at
standard conditions the signal levels are low, resulting in a long
measurement time, which can be over 10 hours for one image [48]. By
simultaneously making use of the surface-enhanced Raman effect and the
resonance-enhanced Raman effect, for single Rhodamine-6G molecules
on a Ag-particle, enhancement factors on the order of 1014 to 1015 could
be exploited. This allowed measurement of surface-enhanced Ramanspectra of a single Rhodamine-6G molecule [50].
One of the most interesting experimental field of study is the
detection of single molecules. Various experiments on single molecules
7
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have been performed, such as imaging [51], emission spectroscopy [52],
fluorescence lifetimes measurements [53-56], translational diffusion [57],
rotational diffusion [58] and fluorescence resonance energy transfer
experiments [59].
1.5 Scope of this thesis
The work presented in this thesis has been performed in the
framework of a ‘scientific instrumentation’ program, supported by the
Dutch organization for fundamental research on matter (FOM). Within
this scope, two near-field scanning optical microscopes have been
realized.
First, a near-field microscope which makes use of newly developed
cantilever probes is presented in Chapter 2. These probes have been
fabricated using micromechanical techniques and have been used in a
combined near-field optical and atomic force microscope.
Second, an existing home-made near-field scanning optical
microscope using fiber probes, has been improved with the aim of
studying single molecular fluorescence. Chapter 3 describes the
implementation and characterization of a novel shear-force feedback
system to control the probe-sample distance. Results obtained with this
improved near-field optical microscope are presented in Chapter 4,
involving the observation of single molecule rotational and translational
diffusion. Chapter 5 discusses some of the probe-molecule interactions
occasionally observed during single molecule experiments.
Finally, the thesis ends with a general discussion and an outlook
towards future developments in near-field scanning optical microscopy.
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Chapter 2
Near-field Optical Probes

One of the most important parts of the near-field scanning
optical microscope is the optical probe. This can be either
a sub-wavelength light source, a detector or a scatter
source. The advantage of using a light source as a probe
is that only a small area of the sample is illuminated and
that all light (scattered/emitted) from this area is
collected and selectively detected, maximizing the
detection efficiency of all optical processes occurring at
the sample. As a sub-wavelength light source generally a
metal coated tapered optical fiber is used. In the
experiments tapered fibers as well as newly designed
cantilever probes, with a sub-wavelength aperture, have
been used. First, the fabrication process and emission
characteristics of tapered optical fibers will be discussed.
Second, a technique for the fabrication of a new type of
probe is described. This new design is based on atomic
force microscope probes and consists of a silicon nitride
cantilever with a solid transparent conical tip. The probes
are made using micromechanical techniques, which
allows batch fabrication of the probes. A near-field
scanning optical microscope system was built to test these
probes. Finally, one other design for cantilever probes
will be presented and discussed.

THIS CHAPTER IS PARTLY BASED ON PUBLICATIONS [18] AND [21].

Chapter 2

2.1 Introduction
An optical image with a resolution well below the diffraction limit
can be obtained using a sub-wavelength probe which is scanned close to
the sample surface. This nanometer size probe can be a light source, a
detector or a scatter source. A sub-wavelength light source or detector
can be created by using an aperture significantly smaller than the
diffraction limit [1,2]. The advantage of using a sub-wavelength light
source is that only a small part of the sample is illuminated, minimizing
optical damage of the sample, e.g. by heating or by bleaching.
The first near-field experiment, using an aperture, was performed in
the micro-wave region with a wavelength of 3 cm [3]. The aperture
consisted of a millimeter size hole in a metal plate. For visible light, the
first aperture was created out of a single crystal of quartz which was
etched to a sub-wavelength tip, coated with metal and deformed at the tip
to produce the aperture [4]. Later probes were produced by coating a
tapered micropipette with metal [5,6]. Alternatively, the micropipette
could be filled with a fluorescent dye and excited head-on from the tip
side, minimizing the evanescent losses of the excitation source [7]. In
1991, Betzig et al.[8] introduced the use of single-mode optical fibers as
near-field optical probes. One end of the fiber is tapered to a tip size of
about 50 nm and subsequently aluminum is evaporated onto the fiber in
order to create the sub-wavelength aperture in the otherwise opaque
fiber. At present, most of the near-field scanning optical microscope
systems use aluminum coated tapered glass fibers as sub-wavelength
light source to illuminate the sample.
One of the major disadvantages of the fiber probes lies in the fact that
each fiber probe has to be prepared individually and no batch fabrication
process is available yet. Additionally, due to its fragility, using the fiber
probes in a near-field optical microscope requires an experienced
operator, in order to scan the fiber undamaged at a few nanometer from
the sample surface. These restrictions have led to the development of
cantilever probes which can be scanned in contact with the sample
surface without damaging the probe because of the small spring constant
of the cantilever. First experiments were performed using standard AFM
cantilever probes [9] in photon scanning tunneling microscopy (PSTM)
[10-15] and later attempts were made to incorporate these cantilevers in
an aperture-type near-field optical microscope [16,17].
Over the last few years, cantilever probes especially designed for
near-field optical microscopy have been produced. The majority of these
probes can be divided into two categories: aperture-type probes [18-21]
and miniature detector probes [22-28]. Other efforts have been made to
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create a small light source at the end of a cantilever, based on
luminescent porous silicon [29]. The quality and reproducibility of the
cantilever probes, however, is not yet competitive with the glass fiber
probes although this can be expected to be reached in the very near
future. A combination of fiber tip and cantilever probes has resulted in
the development of bent fiber probes where the fiber tip points down
towards the sample while the remainder of the fiber is used as a
cantilever parallel to the sample [30-35].
In this chapter, first the fabrication of fiber probes and the emission
characteristics of aperture type probes will be discussed. In section 2.3
the design and micromechanical fabrication of cantilever probes with
conical tips will be presented. These probes are tested in a dedicated
near-field scanning optical microscope system. In the final section a
different micromechanical design will be presented and some
intermediate results will be discussed.
2.2 Fiber probes
2.2.1 Fabrication
The first tapered fiber probes which have been used in near-field
optical microscopy were sharpened using etching in hydrofluoric acid
(HF). The etching process is influenced by a number of parameters, e.g.
the etchant dilution, the oil-like layer on top of the etchant, the etching
time and the type of fiber or dopant [36-38]. As different dopants and/or
dopant-concentrations in the fiber are used to create the refractive index
profile between the cladding and the core of the fiber, the etch rates of
cladding and core are different, which allows to etch fibers with very
high apex angles up to 40 degrees at tip sizes around 30 nm. The major
disadvantage of the etching process is the very irregular surface of the
fiber after etching, with roughness features of few tens of nanometers,
which will lead to pinholes in the metal coating after evaporation.
A way of generating fibers with a very smooth surface is pulling. For
this a commercial pipette puller (Sutter Instruments P2000) was used.
Here, the fiber is locally heated by a CO2-laser, while a controlled force
is pulling at the fiber. When a pre-set pulling velocity is reached, the
laser is switched off and after an adjustable delay a hard-pull is exerted
on the fiber, pulling both parts apart. Aimed is for a fiber with a high
apex angle in order to minimize the cut-off region, which is the region
where the size of the fiber is too small to contain a light propagating
mode. In this way the optical losses in the fiber are kept as low as
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Figure 2.1: Aluminum evaporation using an E-beam
evaporator.

possible. To have a clear circular aperture the very end of the fiber
should be flat with a diameter between 50 to 100 nm. The fiber is
subsequently coated with approximately 200 nm of aluminum using the
configuration showed in Fig. 2.1.
Aluminum is chosen because of the high extinction coefficient,
resulting in a penetration depth of about 7 nm at a wavelength of 500 nm.
Evaporation is performed under an angle to the fiber in order to leave the
aperture free from aluminum. To minimize the formation of aluminum
grains in the coating the evaporation rate should be as high as possible.
Therefore, in the evaporation set-up the distance between the evaporation
source and the tips was minimized from its initial distance of 34 cm to
approximately 15 cm.
Several groups have studied the fiber pulling process [39,40].
Especially Valaskovic et al. [41] have performed an extensive study on
the optimization of the pulling parameters of the fiber probes. They
measured transmission efficiencies between 10-7 and 5⋅10-5 for tip sizes
ranging from 60 to 100 nm.
Fig. 2.2 (a) shows a scanning electron microscope (SEM) image of
the side view an uncoated fiber tip. An example of the front view of a
coated tip is shown in Fig. 2.2(b). This image clearly shows the
aluminum grain around the aperture of the probe, partially due to the
relatively low evaporation rate which was used as at that time, as the
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(a)

(b)
Figure 2.2: SEM images: (a) an uncoated fiber probe (sideview), (b) front view of an aluminum coated fiber.

distance between the evaporation source and the tip was not minimized
yet.
2.2.2 Electric-magnetic field properties of small apertures
The electric field at the tip aperture is highly non-homogeneous due
to the metal coating and the polarization of the light: the electric field is
zero at position where the polarization is parallel to the metal coating.
Bethe [1] derived a theory which describes the field at a small circular
17
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aperture in an infinitely thin perfectly conducting plane. Later
Bouwkamp [2] corrected for an error he discovered in Bethe’s theory. In
the first single molecule experiment by Betzig [42] a remarkably good
correspondence between this theory and the field from a fiber probe was
found. By scanning the relatively large probe over the single molecule,
the molecule effectively probes the field profile at the aperture. The
emitted single molecular fluorescence is proportional to overlap between
the absorption dipole of the molecule and the electric-field.
Fig. 2.3 shows calculations of the electric field, using the
Bethe/Bouwkamp theory, at a distance z of a perfectly conducting infinite
metal plate with an aperture of radius a, with the incident light polarized
along the horizontal x-direction. The field-profiles show a maximum
intensity along the incident polarization and a relatively large electricfield component in the z-direction. At the rim of the aperture the field
vanishes when its polarization is parallel to the metal. In the direct

Figure 2.3: Electric-field profiles according to the
Bethe/Bouwkamp theory, the image width is λ/2.5. The
intensities relative to the intensity in the x-direction are
denoted below the images (in %).
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neighborhood of the aperture the field decays exponentially in the
z-direction. The total throughput of the aperture is found to be
proportional to the sixth power of the aperture radius (~a6). Appendix A
describes the calculation of fluorescence images which would be
obtained with an aperture with an electric-field displayed in Fig. 2.3(c).
The throughput of the fibers which were used in the experiments was
approximately 10-6 for aperture between 50 and 100 nm, resulting in an
optical output power of the fiber between 100 pW and 10 nW.
2.3 Cantilever probes with solid conical tips
2.3.1 Introduction
One of the drawbacks using fiber based systems is that the operator
has to be an experienced user and familiar with the technology in order to
use the microscope. Especially, one has to be careful to avoid the tip
crashing into the sample. Because of the high stiffness of the fiber in the
direction perpendicular to the sample and the small operating distance
from the sample, delicate approaching and vibration free operation
conditions are essential. One other disadvantage is that the throughput
efficiency of the pulled fiber probe is relatively low and could be
improved by using a tip with a larger cone angle or larger refractive
index. To overcome these problems we have developed a new type of
NSOM probe.
The design of this newly developed probe is based on the standard
cantilever-type probes used in AFM [9]. This has the advantage that tip
damage is minimal due to the cantilever’s small spring constant in the
direction perpendicular to the sample and provides a better tool to
optimize aperture throughput efficiency. Applying the standard AFM
probes in NSOM ensures an easy to operate microscope which combines
optics with force detection and hereby enabling all AFM contrast
mechanisms, e.g. contact, non-contact, lateral force, tapping and
adhesion mode, in combination with NSOM. However, the commercially
available AFM probes with pyramidal tips are not ideally suited for
NSOM usage. The tips on these probes are made of the same material as
the cantilever, where pyramidal pits in a crystalline silicon wafer are used
as a mold to shape the tips, resulting in a hollow Si3N4 tip. The
mechanism with which light, focused from the base side of the tip, is
coupled into the hollow tip is less efficient than when a solid tip would
be used. These considerations have led to the development of a cantilever
probe with a solid transparent tip.
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2.3.2 Fabrication of NSOM probes
The newly developed probes are made of silicon nitride using a 3"
silicon wafer for mounting. The major layout of the wafer is such that
small 2 mm by 3 mm silicon mounting blocks are formed, each having
four cantilevers attached to it. Fig. 2.4 shows the fabrication process in
short. The cantilever is formed by a 1.0 µm silicon rich Si3N4 layer
deposited by low-pressure chemical vapor deposition (LPCVD) at
850° C, 200 mTorr using a SiCl2H2/ NH3 mixture (80%/20%) on a 3" Si
wafer with alignment marks, Fig. 2.4 step 1 and 2. The tips are formed
out of a 5.0 µm Si3N4 layer deposited by plasma enhanced chemical
vapor deposition (PECVD), Fig. 2.4 step 3. The difference in chemical
composition between the LPCVD and PECVD Si3N4 layers results in an
etch speed difference between the two layers in HF etchant. The PECVD
layer etches over 20 times faster than the LPCVD layer effectively
making the LPCVD layer an etch stop layer. The backside of the silicon
wafer is etched anisotropically using potassium hydroxide (KOH, 50%)
where a 20 µm thick layer is preserved giving the wafer some rigidity for
handling during the rest of the process, Fig. 2.4 step 4. In the KOH
etching process breaking trenches are etched in the silicon for later

Figure 2.4: Fabrication process; (1) 3" Si-wafer with
alignment marks, (2) 1.0 µm LPCVD Si3N4 deposition for
cantilever, (3) 5.0 µm Si3N4 PECVD deposition for the tip, (4)
KOH etch of Si, (5) 0.5 µm poly-silicon sputtered and
patterned in small 10 µm size discs, (6) isotropic HF etching
of Si3N4 to form the tip, (7) spinning of polyimide covering the
tip, (8) dry etching of Si3N4 and dry etching of silicon
backside. (9) Removal of the polyimide.
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removal of the individual tip-mounting blocks.
Polycrystalline silicon (0.5 µm) is sputtered onto the PECVD layer
which is used as a mask for the tip etching step. The poly-silicon is
patterned into small discs with a diameter of 10 µm, Fig. 2.4 step 5.
When etched in HF (50% at 25° C), the Si3N4 etches isotropically and the
etching is stopped when the silicon disc is etched free, Fig. 2.4 step 6. In
order to control the process, discs have been patterned on the Si3N4 layer
with diameters ranging in size from 4 to 20 µm with 2 µm step size, so
they will be etched free in order of size. A thick layer of polyimide is
used to mask the tip and the cantilever, Fig. 2.4 step 7. The cantilever
shape is etched using reactive ion etching (RIE) in a CHF3/O2 plasma
(83%/17%). The silicon backside is etched open using RIE in a SF6/O2
plasma (75%/25%), Fig. 2.4 step 8. After stripping the polyimide,
Fig. 2.4 step 9, the process is completed and the individual mounting
blocks with tips can be broken from the wafer.

(a)

(b)

(c)

(d)

Figure 2.5: (a) The result at a 16 µm disc when the 10 µm disc
is etched free. (b) a 12 µm disc. (c) the tip from a 10 µm disc
(d) the (c) image zoomed-out showing the V-shaped cantilever
with conical tip.
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Fig. 2.5 contains the results of the process, showing the isotropic HFetched tips from several disc sizes. It can be seen that the 10 µm disc
provides a conical tip while the larger discs are still attached to the
PECVD layer. The smaller discs were all detached from the surface.
Fig. 2.5(d) shows the V-shaped cantilever with conical tip. The wafer,
presented in the SEM image, contained 448 cantilevers on 112 mounting
blocks, clearly showing the benefit of batch fabrication of the probes.
The aperture in the tips is created by evaporating Aluminum on the
side walls of the tip, done by evaporating Aluminum at an angle of about
5 degrees out of the plane of the cantilever while rotating the tips. By this
technique the layer thickness on the side walls of the tips is considerably
larger than on the tip end. It also ensures the layer thickness on the
cantilever to be minimal, enabling normal optical imaging through the
cantilever for alignment of sample and tip and avoiding bending of the
cantilever due to stress in the metal layer. On the tip used in Fig. 2.8
Aluminum was evaporated at an angle of 83 degrees, resulting in a 150
nm thick layer surrounding the tip and a 50 nm layer on the cantilever.
After evaporation the probe was etched in standard Aluminum etchant
(Merck 15435, Aluminum Etchant LE) for 10 seconds, until the
cantilever was transparent, in order to open up the tip.
2.3.3 The near-field scanning optical microscope
In order to test the tips a near-field optical microscope system was
built in which these probes could be mounted. The apparatus is shown in
Fig. 2.6.
The laser is a 8 mW HeNe laser focused onto a pinhole, which is
subsequently imaged on the base of the tip using a Nikon extra long
working distance (ELWD) objective with NA 0.5. The ELWD objective
is necessary to provide space for the beam deflection system. The
transmitted light through tip and sample is collected using a similar
objective. Background light is further reduced using a pinhole in front of
a Hamamatsu R1463 photomultiplier tube. The resulting setup effectively
consists of a confocal microscope with the probe inserted in its focus.
The sample is scanned using a three-axis piezo-electric scanner,
consisting of a Photon Control x-y piezo flexure stage with a 200×200
µm2 range combined with a home built 10 µm piezo stage for the zdirection. The scanner was designed to support microscope object slides.
For detection of the bending of the cantilever the optical beam
deflection technique is used [43]. A laserdiode at 780 nm wavelength is
focused on the backside of the cantilever and its reflection is imaged onto
a quadrant detector. The deflection signal, obtained by subtracting the
signals from the vertically aligned quadrants, can be used as feedback
22
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Figure 2.6: Near-field optical microscope used with the
microfabricated probes.

signal for the z-piezo, as was done with the measurements shown here.
The torsion signal, obtained by subtracting the signals from the
horizontally aligned quadrants, displays the lateral force between tip and
sample if the sample is scanned in the direction perpendicular to the
cantilever.
To facilitate the alignment of the optics and the sample with respect
to the tip, a mercury lamp illuminates the sample which is imaged onto a
CCD camera, displaying an area of about 100×100 µm2 of the sample and
probe.
2.3.4 Experimental results
Fig. 2.7 shows the results of a measurement of a 25 nm Silver layer
with 481 nm holes on a glass cover slip. The height image, displaying the
z-piezo voltage, and the deflection image, displaying the feedback signal,
clearly show the topography of the sample. From these results it can be
concluded that the tip size is in agreement with Fig. 2.5(c) and that
damage to the tip while scanning is not observed.
The optical properties of the tip have been tested first by checking the
transmission properties and cone shape of the uncoated tips. The cone
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(a)

(b)

Figure 2.7: Simultaneous force images of a Silver layer with
481 nm holes. Imaged with an uncoated conical tip (a) height
(z-piezo voltage). (b) deflection.

shape of the tip can be observed by adjusting the light coupled into the
tip away from the optimum position. When light is coupled in at the left
side of the tip it will be reflected towards the right side and couple out of
the tip at the right side.
Fig. 2.8 displays a measurement with a coated tip. It is observed that
the height and deflection images are greatly influenced by the coating,
resulting in tip convolution effects in the AFM images. The optical image
in Fig. 2.8(c) shows that individual holes can be distinguished, with an
optical resolution of about 300 nm. In order to improve the resolution the
removal process of the aluminum coating by the final aluminum etching
step has to be improved or revised. The aluminum etching process was
found to be non-homogeneous, probably due to the presence of an
aluminum-oxide layer covering the aluminum with a different (slower)
etching behavior.
2.3.5 Conclusions
A novel probe has been designed and developed. It has been
demonstrated that the probes are well suited for AFM imaging and its
optical properties agree with the design parameters. From the results it
was shown that the aperture at the tip gives an optical resolution of
300 nm which is already below the diffraction limit, but can still be
improved. Improvement of the aluminum coating and alternative ways to
create a well-defined aperture are necessary, as reproducibility of the
aluminum etching process is not yet optimal.
The apparatus has shown to be very powerful, giving simultaneous
height and optical images. By opening up all known AFM contrast
mechanism for combination with near-field optical microscopy it results
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(a)

(b)

(c)
Figure 2.8: Simultaneous images of a Silver layer with 481 nm
holes. Imaged with a Al-coated conical tip (a) height (z-piezo
voltage). (b) deflection. (c) optical transmission image.

in a user friendly near-field microscope. Especially, the prospects of
combining the microscope with tapping mode atomic force microscopy
raises high expectations for future use of this type of probes.
Another advantage of this process is the batch fabrication of the
probes, at present producing 448 probes per wafer. Which not only
stresses the promising role this type of probes will play in near-field
optical microscopy but will also reduces the costs of near-field probes.
For example, up to now, commercially available near-field fiber probes
are over ten times more expensive than commercially available atomic
force microscope cantilever probes.
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2.4 Cantilever probes with elongated pyramidal tips
2.4.1 Introduction
One of the main drawbacks of the cantilever probes described in the
previous section is the absence of a well controlled mechanism to create
a small aperture in the metal coating of the tips. In this section a different
probe design will be discussed which combines the benefits of coating
from the backside, as used in glass fiber coating, and uses a cantilever for
user-friendly distance control. The design mainly uses the same
micromechanical techniques as discussed in the previous section and
likewise allows for batch fabrication of the probes. The main difference
in this design is the form and location of the tips on the cantilever. Here,
extra long tips are located at the very end of the cantilever to be able to
coat the tips from the backside.
2.4.2 Probe design
The global layout of the wafer is identical to the one described in the

Figure 2.9: Fabrication process, (1a) 3” Si-wafer, (2) SteamOxidization 600 nm (3) pattern 10×10 µm squares, RIE SiO2,
RIE Si, (4) Steam-Oxidization 200 nm, RIE SiO2 (bottom
oxide), (5) KOH etch, pyramidal pit, BHF etch SiO2 removal,
(6) LPCVD Si3N4 cantilever and tip material, RIE Si3N4
pattern cantilever (1b) 3” Pyrex-wafer, pattern over cantilever
wide tracks in resist, Cr-evaporation, lift-off, Saw pyrex wafer
half-way, (7) Anodic bonding on bare pyrex, complete saw
from topside, (8) KOH etch.
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previous section, with the tips on a 200 µm long V-shaped cantilever and
four cantilevers at the sides of a 2×3 mm mounting block. Fig. 2.9 gives
an overview of the different steps in the fabrication process. The process
starts with a 3" <100> silicon wafer, which is oxidized, resulting in a
600 nm SiO2 layer. The third step is the patterning of 10×10 µm squares
which will form the tip. Rectangular pits are etched in the silicon wafer
using reactive ion etching. In the fourth step the silicon inside the pit is
oxidized and RIE is used to remove the silicon-oxide from the bottom of
the pit. In step 5 the (inverted) tip is formed by KOH etching (30%),
resulting in a pyramidal pit with Si-<111> sidewalls, the etching is
performed at relatively low temperature (60° C) to improve selectivity in
the etch rates between the crystalline directions in silicon. Afterwards,
the silicon-oxide is removed in a buffered HF solution (BHF, 10%). In
step 6, using LPCVD, a 1 µm layer of silicon-nitride is applied to form
the tip and cantilever, and subsequently patterned to a V-shaped
cantilever. As the tip now points down into the silicon wafer, in contrast
with the probes from the previous section, a mounting block has to be
attached to the opposite side of the tip. This can be done by bonding a
Pyrex wafer to the silicon wafer as displayed in Fig. 2.9(a) step 1b. Here,
only the bare Pyrex wafer bonds with the silicon-nitride covered silicon
wafer. By sawing through the Pyrex wafer, the cantilevers are uncovered,
and by sawing half-way through the wafer parallel to the cantilevers
breaking trenches are created. A last KOH step etches away the
remainder of the silicon wafer, leaving only a small circular rim at the
border of the 3" wafer to keep the rows of mounting blocks together.
Fig. 2.10 schematically shows the evaporation configuration of these
elongated pyramidal tips. The tips effectively are evaporated from the
backside, with the aperture slightly of axis with the tip. The complete
near-field scanning optical microscope is similar to the previous setup
displayed in Fig. 2.6.
2.4.3 Results
Fig. 2.11 shows an intermediate result of the fabrication process. The
fabrication process was interrupted after step 6, of Fig. 2.9.
Subsequently, the cantilever and tip were etched free from the silicon
using KOH etching, while leaving a mounting block on the tip-side of the
cantilever, making the cantilever unsuitable for use in a atomic force
microscope set-up. The SEM image, of Fig. 2.11, reveals that the third
step, etching the rectangular pit in silicon, did not result in steep
sidewalls perpendicular to the <100> surface. Also noticed are holes in
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Figure 2.10: Evaporation configuration with the tip mounted
at an angle with the rotation axis.

the pyramidal tip most likely due to the presence of some SiO2 at the
bottom of the pit which was not etched completely at step 4.
These processes have to, and can be, further optimized using a
different RIE process. More worrying, however, is the fact that the
pyramidal tip does not end in a sharp end-point but ends in a knife edge.
This is due to the non-symmetrical rectangular (non square) bottom
(Fig. 2.9(a) step 4) from which the pyramidal pit was formed. So both the
starting pattern has to be exactly symmetrical and the silicon etching in

Figure 2.11: SEM image of a elongated pyramidal tip.

28

Near-field Optical Probes

step 3 has to be symmetrical in lateral directions, with a tolerance of less
than 50 nm between the two perpendicular lateral directions.
2.4.4 Conclusions
These observations reveal that for pyramidal tips the standard
lithography masks, available in the cleanroom facility, are unsuitable.
Photo-lithographic masks with tolerances less than 50 nm are necessary
to produce a tip with a radius of curvature less than 50 nm.
2.5 Conclusions and discussion
The results in this chapter demonstrate the benefits of a near-field
scanning optical microscope based on cantilever probes. First, this
microscope is easy to operate due to the relatively simple force detection
using the optical beam deflection technique. Moreover, the probes are
not damaged easily because of the small spring constant of the cantilever.
Other advantages are the batch fabrication of the probes, the availability
of materials with a high index of refraction, as compared to glass, and the
possibility to control the tip shape by using different etch parameters.
The major disadvantage of the probes presented in section 2.3 is the
absence of a controllable mechanism to create a sub-wavelength aperture
in the metal coating. The process in which the tapered fibers are metal
coated inherently generates an aperture at the end of the fiber. This is due
to the self-shadowing effect since the metal is effectively deposited from
the backside of the aperture, as shown in Fig. 2.1.
Experience with metal coated tapered fibers was already present
within the group, and with excellent results [44]. So in stead of starting
with a new design for cantilever type probes the choice was made to
further improve the existing fiber based near-field scanning optical
microscope. Improvements had to be made on the stability of the
instrument. This implied the implementation of a more rigid scanner, and
an improvement on the tip-sample distance control, which will be
discussed in the next chapter.
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Shear-force Feedback

The dynamics of a distance regulation system based on
oscillating probe at resonance has been investigated. This
was examined at a tuning fork shear-force feedback
system, which is used as distance control mechanism in
near-field scanning optical microscopy. In this form of
microscopy a tapered optical fiber is attached to the
tuning fork and scanned over a sample surface to be
imaged. Experiments were performed measuring both
amplitude and phase of the oscillation of the tuning fork
as a function of driving frequency and tip-sample
distance. These experiments reveal that the resonance
frequency of the tuning fork changes upon approaching
the sample. Both amplitude and phase of the tuning fork
can be used as distance control parameter in the feedback
system. Using amplitude a second-order behavior is
observed while with phase only a first-order behavior is
observed. Numerical calculations confirm these
observations. This first-order behavior results in an
improved stability of the feedback system. As an example,
a sample consisting of DNA strands on mica was imaged
which showed a height of the DNA of 1.4 ± 0.2 nm.

THIS CHAPTER IS PARTLY BASED ON [1]
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3.1 Introduction
The probe in a near-field scanning optical microscope should be kept
close to the sample surface, as was discussed in Chapter 2. In practice,
the probe to sample distance is kept below 10 nm. The most common
technique to control this distance in a fiber based instrument, is the shearforce distance control mechanism, almost simultaneously implemented
by Betzig [2] and Toledo-Crow [3]. In this technique, the fiber is fixed to
a vibrating element with a short part of the fiber (0.5 - 5 mm) extending
from the vibrating element. This part is vibrated at resonance and parallel
to the sample surface. Upon approaching the sample, a decrease in the
amplitude of the oscillation is observed, generally attributed to a
damping of the oscillation by the surface.
Detection of the oscillation amplitude of the fiber probe has been
implemented using different methods. In one of the first experiments
Betzig [2] used a diffraction technique to measure the vibration
amplitude of the fiber. A laser spot diffracted by the fiber probe was
imaged onto a split detector generating a difference signal proportional to
the oscillation amplitude. Also interferometric techniques have been
implemented to measure the amplitude, using either a two beam
interferometer [3] or a fiber interferometer [4]. These techniques have the
disadvantage that additional stray light is brought into the vicinity of the
aperture, disturbing the measurement of the near-field optical signal.
Moreover, accurate alignment of the external optics with respect to the
probe is necessary. An alternative method is to use piezo-electric
materials which generate a piezoelectric voltage proportional to the
amplitude of the oscillation [5-8]. Based on this idea, the use of
crystalline quartz tuning forks for detecting the probe’s amplitude was
demonstrated recently by Karraï [5]. In this case, the end of the fiber is
attached to one arm of the fork and the tuning fork is oscillated at
resonance (usually 33 kHz). When approaching the sample surface, a
decrease of the oscillation amplitude of the tuning fork is observed. The
origin of this decrease is still not clearly understood. Several possible
interaction mechanisms have been proposed as an explanation, e.g.
capillary forces [3], van der Waals forces and actual contact between
fiber and sample [9]. In this chapter the effect of this interaction on the
amplitude and phase of the oscillation of the tuning fork will be
discussed and the consequences for the dynamics of a feedback
mechanism acting on either one of these signals will be demonstrated.
The results, however, are not limited to this specific tuning-fork shearforce system but can be more generally applied to all dynamic-mode
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distance regulation schemes, like tapping-mode and non-contact atomic
force microscopy.
3.2 Tuning fork model
3.2.1 Mechanics
The tuning fork used as vibration detector [10] is designed for
detection of flexural vibrations. Fig. 3.1 displays the electrode
conformation on a piezo-electric quartz tuning fork, which has arms with
dimensions L×W×T (length, width and thickness respectively). The
displacement at the end of the tuning fork for small bending amplitudes
due to a force F along the x-direction is [10],
4 L3
uL =
F
ETW 3

(3.1)

where E is the elasticity (Young’s) modulus of quartz (7.87×1010 Nm-2).

Figure 3.1: Electrode arrangement on both sides of the quartz
tuning fork, (a) front and back view, (b) top view. When a
voltage is applied over the electrodes an electric field is
generated denoted with the arrows inside the tuning fork, the
resulting movement of the arms is indicated with the out-side
arrows.
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With F = k stat uL the spring constant of the tuning fork is
k stat

E W 
= T 
4  L

3

(3.2)

For most of the tuning forks used in the experiments the dimensions
were: L = 3.50 mm, T = 0.33 mm and W = 0.46 mm. Using eq. (3.2) a
spring constant of 14.7 kN/m is calculated.
3.2.2 Piezo-electric considerations
Possible detection schemes to measure the piezo-electric effect are
based on measuring the voltage over the tuning fork at open output
(Zload = ∞ Ω) or measuring the current at short-circuited output
(Zload = 0 Ω) [11]. However, for optimum signal to noise ratio the
impedance should be chosen such that maximum power is dissipated in
the load impedance, the characteristic load. A very rough estimate shows
that for the quartz tuning fork the characteristic load is a resistance of
approximately 100 MΩ. In the experiments, a maximum load resistance
of 10 MΩ could be used without overloading the first amplification
stage. An additional effect is that the power dissipated in the load is
withdrawn from the tuning fork thereby lowering the Q-factor of the
tuning fork.
3.3 Implementation and detection system
The tuning fork is of a commercially available type and fabricated for
“quartz” clocks. The resonance frequency of this most common type is
32768 Hz (=215 Hz). Other types of tuning forks are available with
frequencies of 100 kHz, 400 kHz, 460 kHz and higher.

Figure 3.2: Two modes of operation of the tuning fork as
vibration amplitude detector.

36

Shear-force Feedback

The tuning fork can be used in two different modes of operation,
shown in Fig. 3.2. First, a self-oscillating mode, as it is used in a normal
clock. An AC-voltage is applied over the two electrodes on the quartz
tuning fork, driving the arms of the fork in opposite directions. A selfoscillating circuit can be built around the tuning fork to keep it vibrating
at resonance, where the amplitude is at its maximum resulting in the
highest alternating current from the fork. The magnitude of this signal is
now a measure for the amplitude of the vibration of the arms. In a second
mode of operation, the tuning fork is externally vibrated by a driving
piezo-element which is attached to the base of the tuning fork and is
driving it near its resonance frequency, as is shown in Fig. 3.2. Here,
both arms of the tuning fork move in the same direction. The amplitude
of the tuning fork is detected by detecting the alternating signal from the
tuning fork.
With a perfectly balanced tuning fork the second mode of operation
would not produce any current as both arms would move exactly
identical. In the setup, however, the fiber is glued to one arm of the
tuning fork leaving only a short part, 1 mm or less, unattached, and
thereby changing the mass and stiffness of that arm. The resonance
frequency of the short part of the fiber is kept higher than the resonance
frequency of the tuning fork itself, because the oscillation of the tuning
fork should be damped by the attached fiber interacting with the sample.
Both modes of operation have been examined in a test set-up. For the
externally excited tuning fork a better signal to noise ratio was found,
due to the smaller detection circuit without noise introduced by the
oscillator and its connecting leads. Accordingly, for the final
implementation the externally driven configuration was chosen. Fig. 3.3
displays the schematic of the tuning fork and the shear-force detection, as

Figure 3.3: Schematic of the detection system used to detect
the piezo-electric tuning fork signal.
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it has been implemented. The piezo-electric signal is detected over a
10 MΩ load resistor using a high-impedance instrumentation preamplifier (LT1105, 100×), and further amplified (10×) to achieve signal
levels up to 10 V. From this signal the amplitude and phase are measured
in two separate modules. The measurement of the rms-value of the
amplitude is performed with a AD637 (RMS-to-DC converter), with a
5 kHz bandwidth. The phase difference between amplitude of the tuning
fork and the driving voltage is measured in the phase module with a
2 kHz bandwidth and a gain of 1 V per 10 degrees phase difference. The
operation of the phase module is based on a XOR comparison between
the reference signal and the amplitude of the tuning fork. The bandwidths
of the modules are chosen to be larger than the first resonance frequency
of the xyz-scanner, usually around 1 kHz.
3.4 Characterization and calibration
The characterization of the tuning fork system was performed using
the scheme displayed in Fig. 3.4.
A single mode fiber, cleaved at both ends, was glued to one arm of
the tuning fork. The base of the tuning fork was attached to the driving
piezo element (PXE 5, 0.5 nm/V, Philips), which in this case was
mounted onto a piezo-tube used for xyz-scanning. The light from an
HeNe-laser was coupled into the fiber and the output from the fiber was

Figure 3.4: Schematic setup for the characterization of the
tuning fork system.
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imaged onto a quadrant detector (SPOT-9D, Un. Det. Techn, CA) by a
40× objective (Nikon extra long working distance, 0.5 NA). The
difference in photo-currents from the opposite halves of the detector is,
for small oscillations, linearly related to the displacement of the fiber. In
order to align the system, the objective was mounted on a 3-axis
translation stage, in order to create a near-zero difference signals in the xand y-directions of the quadrant detector. Final zeroing of the difference
signals of the quadrant detector is performed electronically by
adding/subtracting a manually adjustable voltage from the difference
signals.
The resonance curve of the tuning fork and single mode fiber was
measured by sweeping the frequency of the driving piezo-element
through the resonance frequency and simultaneously recording the output
of the rms-module and both difference signals of the quadrant detector.
The results are displayed in Fig. 3.5, where the frequency was varied
between 32 and 35 kHz.
Upon attachment of the fiber the resonance frequency of the tuning
fork system shifted from its original value of 32.768 kHz to
approximately 33.400 kHz, while the Q-factor of the resonance, defined
as fr/∆f, dropped from ~30000 to approximately 1000. This indicates that
the effect of stiffening, due to the addition of the fiber to the tuning fork,
is larger than the effect of the increased mass of the tuning fork. The
difference signals of the quadrant detector, represented by the dotted
lines in Fig. 3.5, verify that the fiber was indeed moving along the x-

Figure 3.5: Resonance curve of the tuning fork with a fiber
attached.
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direction in which the tuning fork was excited.
The difference signals of the quadrant detector can be calibrated as a
function of the displacement of the cleaved end of the single-mode fiber
by scanning the piezo tube, and thereby the fiber, for a known distance.
In this way, an accurate determination of the tip amplitude versus the
excitation voltage can be made. Fig. 3.6 displays the calibration curve,
where the amplitude of the excitation voltage was varied between 1 mV
and 20 V, and the root-mean-square value of the quadrant detector
difference signal is measured at 5 kHz bandwidth, with a noise level of
approximately 40 mV. For detected amplitudes exceeding this lower
detection limit a linear behavior between excitation voltage and
amplitude of the end of the fiber was found. If the assumption is made
that this linear behavior extends for excitation amplitudes down in the
mV (~pm) range, an estimation can be made about the minimum
detectable amplitude. The tuning fork signal (after 1000× amplification)
returned 3.5 V/nm (corresponding to 0.28 pm/mV) with a noise level of
approximately 100 mV at 1 kHz bandwidth. This implies that the
minimum detectable amplitude at this bandwidth is approximately 30 pm.
With a spring constant of 14.7 kN/m the lateral force at this amplitude at
the end of the tuning fork is approximately 440 nN.
The derivative of the curve in Fig. 3.6 is 133 mVrms/Vexc.,
corresponding to 21 nm/Vexc. With a Q-factor of 1000 the calibration
factor of the driving piezo at 32 kHz is only 21 pm/V exc, which is more
than one order of magnitude lower than the specification of 0.5 nm/Vexc.
Possible reasons for this could be a poor mechanical contact between
driving piezo and tuning fork or a degrading of the piezo-electric
material.

Figure 3.6: Tip amplitude versus excitation amplitude. Leftaxis: difference signal of the quadrant detector [V], rightaxis: calibrated tip amplitude in [nm].
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3.5 Approach experiment
In order to get a better understanding of the interaction mechanism a
series of experiments has been performed. A tapered fiber probe was
glued to one arm of a tuning fork (32768 Hz) with its base attached to the
driving piezo element. The tuning fork was oriented perpendicular to the
sample surface with the arms and fiber endpoint closest to the sample
surface. The total system was mounted on an xyz scanner. The driving
piezo element was used to drive the tuning fork at frequencies between
32630 and 32740 Hz.
Measurements were performed detecting the rms and phase signal as
a function of the driving frequency and probe-sample distance. Fig. 3.7
displays the rms signal and the phase signal as a function of driving
frequency and tip-sample distance. The voltage on the driving piezo
element was 28 mV (peak-peak), and the quality factor of the fork out of
contact was determined to be 1600. The sample consisted of freshly
cleaved mica, in order to have a clean surface without a (water)
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Figure 3.7: Amplitude and phase as function of driving
frequency and tip-sample distance. TOP: cross-sections of
amplitude and phase at z=0 (in-contact) and z=9 (out of
contact).
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contamination layer. The zero point on the z-displacement scale is chosen
at an arbitrary position as the actual point of contact cannot be
determined exactly.
Approaching the sample, a change in the resonance frequency is
observed. The resonance frequency shifted about 20 Hz to a higher
frequency. Correspondingly, the 90º phase point shifted 20 Hz higher.
The shift in resonance frequency of the tuning fork can be explained by
its geometry. In contact, the amplitude at the endpoint of the fiber
decreases, exerting a force on the tuning fork proportional to the
amplitude and in the opposite direction, thereby effectively enlarging the
spring constant of the tuning fork. The Q-factor only slightly reduces
compared to the out of contact value. Mainly an increase in the resonance
frequency is observed, which can not be caused by a viscous damping of
the oscillation. Because an increase in the viscous damping ( β ) would

((k m) ⋅ (1 − β )) ).

result in a decrease in resonance frequency ( ω =

2

3.6 Numerical calculations
Exciting the tuning fork at constant frequency, one can apply
feedback on either the rms signal or the phase signal. In practice is
experienced that feedback on phase is faster than when using the rms
signal. This can be explained by looking at the tuning fork as a secondorder mechanical system [12]. The equation of motion is:

x + 2βω s x + ω s2 x =

Fo
cos ω d t
m

(3.3)

where x is the tuning fork deflection, m is the effective mass of the tuning
fork, β is the damping constant, ωs (= k m ) is the angular resonance
frequency of the oscillating system, ωd is the angular driving frequency
and Fo is the driving force. In contact the spring constant k increases,
increasing ωs, so that the system effectively gets driven off resonance.

Using x( t ) = Re[ A( t )exp( iω d t )] it follows:



A + ( 2iω d + 2βω s ) A + (ω s2 − ω d2 + 2iβω sω d ) A = Fo / m
(3.4)
with general solution


A( t ) = C exp( − βω s t )exp( i(ω s 1 − β 2 − ω d )t ) +

ω s2

Fo m
− ω d2 + 2iβω sω d
(3.5)
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where C is a complex constant to fit the boundary conditions. Applying

a sudden frequency change from steady state resonance at t=0, C is
given by
 F m
Fo m
C= o 2 − 2
2iβω d ω s − ω d2 + 2iβω sω d

(3.6)


Analyzing A( t ) after the frequency change reveals that the phase,

arg A( t ) , has a maximum derivative directly after the frequency change,

whereas the amplitude A( t ) does not instantaneously reach a maximum

(

)

derivative, but shows a more continuous behavior.
To further illustrate this, a second-order tuning fork system has been
numerically simulated using a driving frequency of ωd/2π = 32000 Hz,
while the resonance frequency of the tuning fork system is varied with a
modulation frequency (fm), to simulate the tuning fork going in and outof contact with frequency fm, thus ωs(t)/2π = 32005 + 5⋅sin(2π⋅fm⋅t)). The
damping term and drive term are kept constant at βωs/2π = 16 Hz
(corresp. to Q ≈ 1000) and Fo/m = ωd2 ms-2 for normalization.
Fig. 3.8 is obtained by calculating the amplitude and phase of the
oscillation while modulating the resonance frequency with 10 Hz around
32005 Hz at a modulation frequency of 40 Hz. During the first 20 ms the
amplitude builds up towards the Q-value. Observed is that the relative
signal change of the phase due to the modulation frequency
(≡ modulation amplitude of the phase) is larger than that of the
amplitude. Further is noted that the time lag between amplitude signal

Figure 3.8: Simulation of a second-order system, amplitude
and phase as a function of time. At t=0 the driver starts, the
resonance frequency is ωs(t)/2π = 32000 + 5×(1+sin(2π⋅fm⋅t)),
modulated with fm= 40 Hz. The inset displays ωs(t)/2π.
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and sin(2πfmt) is larger than the time lag between phase signal and
sin(2πfmt), indicating a larger modulation phase for the amplitude signal
than for the phase signal. From Fig. 3.8 the modulation amplitude and the
modulation phase of both signals can be determined at this modulation
frequency of 40 Hz. Increasing the modulation frequency, the total
frequency response of the rms and phase signals can be determined. The
results, the modulation amplitude and the modulation phase as a function
of the modulation frequency, are plotted in a gain-phase diagram, shown
in Fig. 3.9.
These results reveal that the rms-signal response curve corresponds to
that of a second-order system whereas the phase-signal response curve
corresponds to that of only a first-order system. Both curves show the
same cutoff frequency. From the exponential decay term of eq. (3.5) this
cutoff frequency can be derived:
f c = ω cutoff / 2π = β

ω s ω s 2π
=
≈ 16 Hz
2π
2Q

(3.7)

So a cutoff frequency of 16 Hz is expected which agrees with
Fig. 3.9. This has of course immediate consequences for the dynamics of
a feedback system acting on either rms or phase signal. Especially, the
modulation phase behavior of Fig. 3.9 limits the maximum frequency of
the feedback system. Due to the limited bandwidth of the electronics and
scanning system, and due to the control loop, an additional phase change
will be added to the one displayed in Fig. 3.9, which causes a feedback

Figure 3.9: Frequency response of both rms and phase signals
as result of a series of simulations; normalized gain and
modulation phase as function of the modulation frequency.
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system acting on the rms-signal to oscillate at a lower feedback
bandwidth than a feedback system acting on the phase signal.
To verify this simulation experimentally, the dynamic behavior of the
shear-force system has been investigated with a spectrum/network
analyzer (HP 3589A). The output of the network analyzer generated a
modulation of the z-displacement of the xyz-scanner (12 nm peak-peak)
while rms and phase signals were monitored at the input. Doing so, the
modulation gain and modulation phase of both signals could be
determined. The initial tip-sample distance was less than 12 nm in order
to have the tip moving in and out-of contact during one period of the
modulation frequency.
The measurements are displayed in Fig. 3.10, and show good
agreement with the simulated response. The gain of the rms signal drops
with 12 dB/oct and the gain of the phase signal drops with exactly
6 dB/oct, indeed corresponding to a second and first-order system,

Figure 3.10: Measurement of the (gain and phase) frequency
response of both RMS and phase signals. The arrows denote
the corresponding axis.
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respectively. The modulation phase in Fig. 3.10 shows that the
modulation phase of the rms signal changes twice as fast as the
modulation phase of the tuning forks phase signal. The changes,
however, are not exactly 90 and 180 degrees but are larger because of the
additional phase change generated in the rest of the system, as mentioned
previously. In Fig. 3.10 it can be seen that using the rms signal, already at
80 Hz a change in modulation phase of 180 degrees is reached, resulting
in an unstable feedback system, whereas for the phase signal the change
in modulation phase stays well within the 180 degrees for the frequency
range displayed. So although the cutoff frequency in the feedback circuit
is located below 20 Hz the bandwidth of the feedback circuit can exceed
this limit. It is primarily limited by the modulation phase behavior
displayed in Fig. 3.10 which stresses the benefit of a first-order response
curve resulting in an increased feedback bandwidth.
3.7 The feedback loop
The shear-force detection system based on tuning forks as presented
in the previous section has been implemented in two different scanning
systems. First, it has been implemented in a near-field scanning optical
microscope in which the sample is scanned while the tuning fork and
attached fiber are kept fixed in order to keep the aperture aligned with
respect to the detector(s), see Fig. 1.2. Second, a stand-alone version was
built, on the basis of an existing home-built atomic force microscope
head, to perform shear-force experiments. Here, the tuning fork and
attached fiber are mounted at the end of a piezo-tube scanner which can
be placed over a sample. Subsequently, the fiber could be scanned over
the sample surface, measuring the local height of the sample. In both
setups the fiber was vibrated externally and the detection system
described in Fig. 3.3 was implemented. The scan area, feedback and dataacquisition modules of a home-built atomic force microscope were used
to drive the lateral scan, perform feedback on the height of the sample,
and digitize height, amplitude and phase signals.
The scanning was controlled by a personal computer driving two
D/A-converters to create the lateral scan. The D/A converters are set to a
new value for each pixel, resulting in a step-like scan behavior instead of
a continuous scan movement. In the stand-alone version of the shearforce setup this introduced catastrophic effects on the oscillation of the
tuning fork. The tuning fork usually vibrates with an amplitude less than
1 nm, so the excitation amplitude of the driving piezo element has to be a
factor Q lower, i.e. only a few picometers. However, without any
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precautions the tuning fork gets excited several nanometers,
corresponding to the scan range divided by the number of pixel, at every
pixel. This has been corrected by low-pass filtering the output of the D/A
converters at 100 Hz.
The total control loop, with feedback on the phase of the oscillation
of the tuning fork, is schematically drawn in Fig. 3.11. The complex
transfer functions of the individual element in the loop will be briefly
discussed.
The tuning fork can be described using the experimental data of
section 3.6. It was found that the amplitude of the tuning fork behaves as
a second-order low-pass filter with cut-off frequency ωs/(π⋅Q)
(τT = 2Q/ωs) while the phase acts as a first-order low-pass filter with the
same cut-off frequency. The complex transfer function therefore becomes
TA ( jω ) =

α

(1 + 2 j Qω

ωs )

2

=

α

(1 + jωτT )2

(3.8)

for amplitude feedback and,
TΦ ( jω ) =

β
β
=
1 + 2 j Qω ωs 1 + jωτT

(3.9)

for phase feedback.
When feedback on the amplitude of the tuning fork is applied, the
amplitude is measured with the rms module with a 5 kHz bandwidth. The
complex transfer function of the rms module can be written as,
A( jω ) =

η
1 + jωτ A

(3.10)

with time constant τ A = 1 (2π ⋅ 5000) [s].

Figure 3.11: Control loop used for shear-force feedback on
phase.
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The phase module measures the phase between the piezo-electrical
voltage of the tuning fork and the driving piezo-excitation voltage. The
bandwidth of the module is limited to 2 kHz, so the complex transfer
function can be written as,
Φ( jω ) =

χ
1 + jωτ Φ

(3.11)

where τ Φ = 1 (2π ⋅ 2000) [s]. The gain of the phase module is set to 1 V
per 10 degrees. From the output of the phase module a set-point,
corresponding to the phase in contact, is subtracted.
The feedback module is taken from an atomic force microscope and
primarily consists of an integrator with adjustable gain. The integrator
part is composed of two integration stages, one integrator with time
constant τ1=0.68 [s],
F1 ( jω ) =

ε1
1 + jωτ1

(3.12)

and one partial integrator with a first time constant τ2 = 0.22 [s] and a
limiting time constant of τ3 = τ2/(1+ε2) = 0.020 s,
F2 ( jω ) = 1 +

ε2
1 + jωτ 2

(3.13)

The total complex transfer function of the feedback module is then,
F ( jω ) = F1 ( jω ) ⋅ F2 ( jω )

(3.14)

The output of the feedback module is amplified by the high-voltage
amplifier, which is simplified by assuming an infinite bandwidth,
resulting in,
H ( jω ) = H

(3.15)

The piezo tube expands and retracts linearly with the applied voltage
at low frequencies. However, due to the mass of the tube and the limited
force which can generated, the piezo tube has a resonance frequency at
about 1 kHz with a Q-factor (denoted Qs) of approximately 100. The
complex transfer function can therefore be written as a second-order
system,
S ( jω ) =

γ
(1 − ω 2τ s2 ) + jω τ s Qs

where τ s = 1 (2π ⋅ 1000) [s] and Qs = 100.
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The open-loop gain of the control loop is now defined as,
G A ( jω ) = TA ( jω ) ⋅ A( jω ) ⋅ F ( jω ) ⋅ H ( jω ) ⋅ S ( jω )

(3.17)

for amplitude feedback and
GΦ ( jω ) = TΦ ( jω ) ⋅ Φ( jω ) ⋅ F ( jω ) ⋅ H ( jω ) ⋅ S ( jω )

(3.18)

for phase feedback. The amplitude, G( jω ) , and phase, arg( G( jω )) , of
the open-loop gain are plotted in Fig. 3.12(a) and (b) for both feedback
on amplitude and feedback on phase.
Observed is that for amplitude feedback the phase changes over 180
degrees, before the resonance frequency of the scan tube, due to the
combination of the integrator in the feedback module and the secondorder behavior of the amplitude of the tuning fork. For feedback on the
phase of the oscillation, the phase in Fig. 3.12 changes approximately

Figure 3.12: Normalized open-loop gain (solid line) and
corresponding phase (dashed line) of the control loop, (a)
using amplitude feedback, (b) using phase feedback,(c) phase
feedback with modified feedback module, without highfrequency integrator, ( τ T = 2 Q ω s , the numbers indicate the
slope of the log-log curve).
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180 degrees before the influence of the resonance of the scan tube is
noticed.
Because the phase of the tuning fork itself acts as an integrator
starting at 1/τT, see eq. (3.9), the integrators in the feedback module can
be adapted to give an optimum control-loop for tuning fork feedback and
for dynamic-mode feedback in general. Desired is an integrating
behavior from small frequencies up to the resonance frequency of the
tube scanner. This can be realized by removing the first integrator,
F1(jω), and modifying the second integrator so that τ3 ≈ τT. The openloop gain for this system is plotted in Fig. 3.12(c). Here, the presence and
magnitude of the resonance frequency of the tube scanner limits the
maximum bandwidth of the control loop. In this case, the bandwidth of
the control loop can be increased, to a frequency closer to the resonance
frequency of the tube scanner, by filtering this frequency from the openloop gain.
3.8 Measurements on DNA
Experiments have been performed using the stand-alone version of
shear-force microscope, in which the tuning fork, attached to a tube
scanner, is scanned over the sample surface. The unmodified feedback
module, using both integrators, was used in the control loop. In order to
show that this system, based on phase signal feedback, can be used for
imaging and that the forces between tip and sample necessary to induce
this phase change are small double stranded DNA was imaged. The
DNA, dissolved in a MgCl2 buffer, was precipitated on a mica surface
[13].
The images shown in Fig. 3.13 were measured in the stand-alone
shear-force microscope using phase feedback with a phase set-point close
to the out-of-contact value. Images (a) and (d) display the z-signal from
the xyz-scanner which is proportional to the height. Images (b) and (e)
display the inverted amplitude of the tuning fork. When scanning over
the DNA a slight increase in amplitude (darker in the image) is observed,
indicating less interaction between the probe and the DNA as compared
to the interaction between the probe and the mica. Images (c) and (f)
display the phase signal which was used as feedback signal and therefore
should be constant. The corresponding line trace, displayed in
Fig. 3.13(g), shows a height of the DNA of 1.4 ± 0.2 nm. Taking a few
consecutive images no visible degradation of the DNA was noticed.
However, by enlarging the phase set-point in the feedback system
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towards the in-contact value the DNA could be cut, as can be seen in
image (d) by the vertical incision at a distance of 500 nm.
Based on the known structure of the double stranded DNA, and
measured with non-contact atomic force microscopy (AFM) [14], the
height of the DNA is about 2 nm. The height of DNA measured by
tapping-mode atomic force microscopy is usually a factor of 2 smaller
than would be expected based on the known structure of double stranded
DNA. This effect is commonly attributed to indentation of the DNA [1517]. The value measured with the shear-force microscope of 1.4 ± 0.2 nm
which indicates a lower interaction with the DNA as compared to tapping
mode AFM.
Imaging the DNA with feedback on the rms signal using the same tip
and set-up resulted in a too unstable feedback to generate an image of

Figure 3.13: Measurement of double stranded DNA on mica,
(a)-(c) image size 2.4 × 2.4 µm, (d)-(f) zoomed-in to an image
size 1.2 × 1.2 µm. (g) Line profile from (d) at the marked
position.
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comparable quality. After vibration reduction, by suspending the set-up
to the ceiling by elastic cords, feedback on amplitude was possible,
however, only with reduced feedback bandwidth.
3.9 Conclusions
It can be concluded that by using feedback on the phase of the
oscillation of the tuning fork an increased bandwidth in the feedback
system can be applied as compared to feedback on the rms signal
resulting in higher applicable scan speeds. The experiments on DNA
show that using the shear-force microscope a more realistic height of the
DNA is measured as compared to regular tapping-mode AFM.
The tuning fork shear-force feedback system is demonstrated to be an
excellent method to control the tip to sample distance in a fiber based
near-field scanning optical microscope.
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Chapter 4
Single Molecule Rotational and
Translational Diffusion

We have observed rotational and translational diffusion
of single molecules using a near-field scanning optical
microscope with two polarization detection channels. The
measurements were performed under ambient conditions
with the molecules dispersed on glass or embedded in
polymer. In successive images the fluorescence of single
molecules was followed over about one hour, with 10 ms
integration time, until photo-dissociation. The position of
single molecular fluorescence could be located with an
accuracy of 1 nm. From the lateral diffusion of
Rhodamine-6G molecules on glass during successive
images a diffusion constant of (6.7 ± 4.5)· 10-15 cm2/s was
determined. The orientation of the in-plane emission
dipole of all molecules in one image could be directly
determined with an accuracy of a few degrees, by
simultaneous detection in two perpendicular polarization
directions. By rotating the excitation polarization we
could selectively excite different sets of molecules and
compare their in-plane absorption and emission dipole
orientation. Monitoring DiI molecules in PMMA over one
hour we found rotation of less than 10 degrees for the
majority of molecules, while incidental fast rotation and
transition to a dark state occurs. The fluorescence
intensity was observed to be molecule dependent, which is
an indication for out-of-plane orientation and different
local photophysical environment.
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4.1 Introduction
Recent advances in single molecule detection and spectroscopy have
opened the possibility to investigate the physical and chemical
environment at the molecular level. In earlier experiments laser cooled
ions were confined in an electromagnetic trap in vacuum [1,2], giving a
high spectral resolution of the isolated ion. Later experiments reported on
the spectral selection of single impurities in a solid matrix [3,4] by tuning
the excitation wavelength to the absorption band of a single molecule.
Information on the specific local environment of the selected molecule
could thus be extracted. During the last decade, improvement in the
efficiency of photodetectors [5] and the introduction of scanning (probe)
microscopes have taken the single molecule studies out of the vacuum
chamber and created the possibility to observe single molecules at
ambient conditions. The first true imaging of immobilized single dye
molecules by optical means at room temperature was achieved by nearfield scanning optical microscopy (NSOM) [6]. Several exciting single
molecule experiments have been performed since then. The emission
spectrum of a single molecule at various conditions was detected using
both near-field [7] and far-field methods [8-10], revealing single
molecule spectral jumps. Single molecular fluorescence lifetimes were
determined [8] showing the local photophysical heterogeneity [11] and
the influence of non-radiative quenching in the presence of an aluminum
coated probe [12-14]. All these advances show that single molecule
experiments indeed provide a sensitive tool to study the local
environment of a single molecule at ambient conditions [15].
For many applications, it is of major importance to follow dynamic
processes like diffusive motion and redistribution of components in
polymers and biological membranes. Translational (lateral) diffusion is
directly important because it often determines the kinetic rate of certain
chemical reactions. Recently, imaging of single molecule lateral
diffusion has been achieved using sensitive fluorescence microscopy
either in the far-field [16,17], with a time resolution into the millisecond
range, or near-field [18], where the trajectory of the molecule could be
recorded during more than one hour at the expense of lower time
resolution. Single molecule rotational diffusion, recently observed using
far-field [19], is likewise interesting because it is more sensitive to
molecular size and shape than translational diffusion. The exact
determination of the molecular orientation is of vital importance in
fluorescence resonance energy transfer experiments [20], and in the study
of time dependent phenomena such as protein and molecular
conformational changes.
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We have optimized our near-field optical microscope [21,22] for
fluorescence imaging of single molecules with efficient optical signal
detection and background rejection, combined with long-term stability
and high spatial resolution. In the detection path, the fluorescence signal
was separated in two perpendicular polarization directions and detected
with two photon-counting avalanche photodiodes. By monitoring the
relative contributions of both polarization components, the in-plane
orientation of all molecular dipoles in one image could be directly
determined. Thus rotational diffusion and reorientation of single
molecules on the 10-2 - 103 second time scale was readily visualized and
analyzed.
4.2 Experimental section
The experimental set-up is schematically shown in Fig. 4.1. The
NSOM was built into a Zeiss Axiovert 135 TV inverted optical
microscope [23]. A sub-wavelength light source was used to illuminate
the sample. The light source consisted of a tapered, aluminum-coated
single mode optical fiber (Newport F-SV) with an aperture of
approximately 100 nm. The 514 nm line from an Ar/Kr laser was used as
the excitation wavelength and coupled into the coated fiber. The sample
was scanned underneath the fiber and the fluorescence emission from the
sample plane was collected with a 100×, 1.3 NA oil immersion objective
and directed to the detectors. The fluorescence was filtered from the
transmitted light using a longpass filter (550 nm). A broadband
polarizing beam splitter cube (Newport, 400-700 nm) was used to
separate the fluorescence signal into two perpendicular polarization
components which were then sent to the detection channels. Photon
counting avalanche photodiodes (APD, SPCM-100 from EG&G Electro
Optics) were used as detectors, which were confocally aligned with the
fiber aperture. Shear force feedback based on a tuning fork system
[24,25] was used to maintain a constant tip-sample separation, using a
dither amplitude less than 1 nm. The tip-sample distance was typically a
few nanometers with a noise level of approximately 1 nm. A personal
computer controlled the raster scanning of the sample, collected the
counts per pixel for each detector, and digitized the z-piezo voltage to
create a height image of the sample. For excitation polarization
experiments, a polarizer and a rotatable λ/2 plate were placed in the
optical path before the coupling of the light into the fiber. The extinction
ratio usually was better than five in the two perpendicular polarization
directions.
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Figure 4.1: Near-field scanning optical microscope
configuration. The tip-sample distance is controlled using
tuning fork shear-force feedback. Both detectors are photon
counting avalanche photodiodes.

Background fluorescence from the fiber tip itself was minimized by
keeping its length as short as possible (less than 15 cm length) and
removing its plastic jacket. The detection efficiency of the optical path
was optimized for maximum signal collection (collection efficiency was
approximately 10%, including quantum efficiency of the APD detectors).
With an excitation power of typically 3nW at the end of the coated tip (as
measured in the far field) count rates between 103 to 104 counts/s per
detector from a single molecule were obtained at a background signal of
typically 300 counts/s per detector. By imaging a sample area of a few
square microns approximately once every 10 minutes, the molecules in
this area could be traced over more than an hour.
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Rhodamine-6G (R-6G) and Carbocyanine (DiI-C18) dye molecules
were chosen because of their high photostability, well known
photophysical properties and their relevance as cell-membrane and/or
oligonucleotide probes. Some samples were prepared by directly spin
coating a 5 × 10-8 M solution of the dye molecules in methanol on a clean
170 µm thick glass cover-glass. A second set of samples was prepared by
spin coating the dye solution on a thin poly-methyl-methacrylate
(PMMA) layer. The polymer layer was prepared by spinning a solution
of 0.5% weight PMMA in chloroform on a clean glass coverslip at 4000
rpm resulting in a layer thickness between 5 and 10 nm. A third set of
samples was prepared by spin coating a solution of PMMA, already
containing the molecules, onto a clean glass cover-slip, in order to have
the molecules embedded in the polymer layer. In all three types of
samples the resulting coverage was typically a few dye molecules per
square micrometer.
4.3 Results and discussion
4.3.1 Lateral diffusion
Fig. 4.2 (a-d) shows four consecutive images of individual R-6G
molecules adsorbed on a glass substrate. In these measurements a single
APD detector was used, without the polarizing beam splitter. The
integration time per pixel was 25 ms, resulting in a background signal of

Figure 4.2: Four consecutive single molecule images (a to d)
of R-6G molecules on glass. The images are 1.5×1.5 µm at
100×100 pixels. The measurement time is 10 minutes per
image. (e) shows the relative movement of the molecules in the
images, after compensation for the average drift.
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15 counts/pixel and a maximum signal of ~100 counts/pixel. The total
measurement time per image was 10 minutes. Fig 4.2(e) displays the
relative positions of the molecules shown in the four consecutive images
over the 1.5 × 1.5 µm (100×100 pixels) image region. The positions were
calculated by taking their weighted center. After compensation for the
instrumentation drift, translational movement of some individual
molecules over the glass surface can be readily observed. While some
molecules appear to be well located and fixed at the sample surface from
frame-to-frame, some other molecules show translational trajectories
over 100 nm in time spans of 10 minutes. From our data, the center of
intensity of the different molecules can be determined [26] with an
accuracy of approximately 1 nm.
Several possible mechanisms can contribute to the translation of the
center fluorescence intensity location of a single molecule over the
sample surface. First, thermally induced diffusion of the molecules over
the glass-air surface can occur. Recently, this process has been observed
at R-6G molecules embedded in a solid polymer host using a near-field
optical microscope [57] reporting a diffusion constant of (2.6 ± 0.2) · 1015
cm2/s for that system. From Fig. 4.2(e) a diffusion constant can be
derived by calculating the mean-square-displacement, MSD, as a
function of time-lags (τ) between the images:
MSD(τ ) =

&
&
∑ (r ( t ) − r ( t ))
∑
1

τ = ti − t j

τ = ti − t j

i

j

2

(4.1)

&
where r ( t ) represents the position of the molecule at time t. The
lateral diffusion constant, D, for two dimensional diffusion is given by
MSD(τ ) = 4 Dτ . Using this equation a diffusion constant of
(6.7 ± 4.5)· 10-15 cm2/s is calculated.
Second, apparent lateral diffusion may be observed, being in fact the
result of differences on the spatial location of the maximum of the
fluorescence intensity while no translation of the molecule occurs. The
field from the aperture illuminating the molecule is non-homogeneous in
strength and in polarization direction [27,28]. As a consequence, the
location of maximum overlap between the absorption dipole of the
molecule and the emerging field from the tip will depend on the
orientation of the dipole. On rotation of the molecule a shift in the
maximum fluorescence intensity location may occur which can extend up
to the aperture size [18]. Rotational diffusion of the molecules occurs at a
shorter time scale than lateral diffusion, giving rise to a non-linear
behavior of the MSD(τ) when evaluated at the molecular rotation time
scale. At the time scale of lateral diffusion this can be regarded as an
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offset at time τ = 0, MSD(τ ) = M 0 + 4 Dτ , so the slope of the MSD still
reveals the correct lateral diffusion constant.
Finally, the observed lateral mobility can be induced by interactions
between fiber and molecule. Indeed, occasionally we have observed the
attachment of a molecule to the probe, resulting in a continuous
fluorescence signal during a time period up to a second, eventually
ending in photo-dissociation or detachment. The location where the
molecule detached from the probe could be clearly identified in the
subsequent scanline. The presence of a thin water contamination layer on
top of the sample surface can increase the probability of a probe induced
process, because the probe is believed to drag through this layer while
scanning over the sample surface, as extensively studied with atomic
force microscopy [29,30]. However, in these rare cases the lateral
diffusion would have a preferential direction along the horizontal scan
direction. Therefore, the random direction of molecular mobility, as
observed in Fig. 4.2, makes the occurrence of tip induced effects
improbable.
4.3.2 Rotational diffusion
Fig. 4.3 shows seven consecutive images of individual DiI molecules
on a PMMA layer, where image (b) has been intentionally displaced with
respect to images (c) to (h). The image scan range was 1.5×1.5 µm,
taking 100×100 pixels with an integration time of 25 ms per pixel.
Measuring on both forward and backward scan resulted in a
measurement time of 10 minutes per image. Each image consists of two
data sets, one for each detector. We have colored the data from the 0°detector red and the data from the 90°-detector, detecting the
perpendicularly polarized fluorescence, green. Finally, both data have
been added up to create one image. Therefore, each image should be
viewed as the addition of two data sets, one per detector, reflecting the
relative contributions of each polarization component, where equal
amounts of red and green give yellow. In what follows, the two
polarization directions will be referred to as the “red” and “green”
direction. The peak intensity was about 90 counts/pixel per detector and
the background signal was about 10 counts/pixel per detector. The
images display raw data without any smoothing of filtering, only the
background count rate was subtracted and the maximum was clipped at
55 counts.
Several interesting features can be observed by following the
behavior of some of the molecules from image to image. Molecule 7
remains fixed with a stationary dipole along the “green” direction from
images (c) to (h), on a time scale of one hour without photo-dissociation.
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Stationary dipoles are also observed for molecule 3 until sudden
bleaching occurs during the scanning of image (g), for molecule 10 from
images (c) to (h) and for molecule 5 from images (b) to (e). These
features and their reproducibility from frame to frame demonstrate the
stability of our set-up and the reliability of our detection system. In
particular, molecules 4 and 5 in images (b) to (d) do have different
intensity contributions: while the intensity of molecule 5 remains
essentially constant from frame to frame, the relative intensity of
molecule 4 changes from frame to frame, thus excluding changes is the
excitation.
While some molecules show stationary dipoles on a 103 second time
scale, some other molecules show rotational activity from frame to frame
or even within one image. This is the case for molecule 4 as mentioned
above, which appears to gradually rotate from the “red” direction towards
the “green” between images (b) to (d) and back again to “red” direction
from images (f) to (h). Fast rotational activity is observed for molecule 6
with sudden fluctuations from one scan line to the other within the same
image.
Sudden appearance of molecules is also observed on the time scale of
our measurements. For instance, molecules 8 and 9 are clearly present
only after image (f). The same occurs with molecule 2 which is present
only after image (d) showing also certain rotational activity. An on-offon behavior is observed by molecule 1 which emits light in frames (e), (f)
and (h) but it is absent during image (g). The sudden appearance and
disappearance of molecules can be attributed to rotation or to sudden
changes in the molecular photo-physics. The first argument requires a
sudden rotation of the molecular dipole perpendicular to the excitation
polarization and subsequent re-orientation to the original in-plane
orientation to start re-emitting fluorescence, which is unlikely. We
believe in the second argument, where the molecule retains its
orientation, while making a temporary transition to a dark non-emitting
state [19] or a spectral jump [8,10,12] away from the laser wavelength.

(see bottom p. 63 → )
Figure 4.4: Four consecutive single molecule images of DiI
molecules in a 10 nm thick PMMA layer. The scan area is
3×3µm at 200×200 pixels with an integration time of 10 ms
per pixel. The excitation polarization was oriented (a) 90°, (b)
0°, (c) 45° and (d)-45°.
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Figure 4.3: Seven consecutive single molecule images of DiI
molecules on PMMA. A color coding has been introduced to
illustrate the relative contributions of the two perpendicular
polarized fluorescence intensities (see text for details). Each
image has a scan range of 1.5×1.5 µm and the measurement
time per image was 10 minutes, (a) shows the relative
positions of the molecules with some individual molecules
depicted with a number.
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4.3.3 Determination of the molecular orientation
Using linearly polarized light, molecules with their absorption dipole
oriented parallel to the excitation polarization are selectively excited
whereas molecules with their absorption dipole perpendicular to the
excitation are not. Fig. 4.4 shows a series of 4 consecutive images of DiI
molecules in a thin PMMA layer over the same area. The image size is
3×3 µm (200×200 pixels), with a pixel integration time of 10 ms adding
up to about 15 minutes per image. The polarization directions of the two
detection channels were colored red (0 degrees) and green (90 degrees).
The excitation polarization direction was rotated from 90 degrees via
0 degrees and 45 degrees to -45 degrees for image (a)-(d), respectively. It
can be observed that each image reveals a different distribution of
molecules. Some molecules which are present in the one image, are
absent in the other, and vice versa. Image (a) shows mainly green colored
molecules, as the excitation was parallel to the “green” detection channel.
Image (b) shows mainly red molecules, for the excitation was rotated 90
degrees to the “red” detection channel. From this observation it can be
concluded that the absorption and emission dipole of the molecule are
oriented approximately parallel. The color of most of the molecules
remained constant during imaging, indicating a fixed orientation.
By comparing image (a) and (b), one can see that i.e. the green
colored molecules 1-4 in image (a) are hardly visible in image (b), so
they are oriented mainly in the 90 degrees direction. Molecule 5 changes
from green in image (a) to red in image (b), and has disappeared in
subsequent images, which could be a rotation followed by bleaching. The
red molecules 6-11 of image (b) are not visible in image (a), so they must
be oriented mainly in the 0 degrees direction. A similar comparison can
be made between images (c) and (d), which correspond to the 45 and -45
degrees excitation respectively. For example, molecule 1,3,12-16 are
only visible in image (c), while molecules 17 and 18 are only visible in
image (d).
Similarly to Fig. 4.3 also Fig. 4.4 shows molecules disappearing and
re-appearing within the same image. For example, molecule 8 in
Fig. 4.4(c) vanishes during a few scan lines after which it re-appears
(Fig. 4.4(d)) in its original orientation, see Table 4.1. A similar behavior
in image (c) is observed at the molecule left of molecule 16. This
molecule displays transitions between emitting and non-emitting state
and vice versa over a few pixels (10-100 ms) and over several scan lines
(1-10 sec). Because the orientation of the molecules prior to
disappearance and after re-appearance is identical a rotational effect of
the molecule can be excluded. The observations can be attributed to a
temporary transition to a dark state or a spectral jump.
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For every observable molecule the angle between the “red” detection
direction (0°) and the in-plane component of the emission dipole of the
molecule can be derived in a single measurement. This is done by
calculating the arc-tangent of the square root of the ratio of the measured
integrated intensities of the molecule in the two detection channels,
taking into account the background counts in each channel. Still, in doing
so no information on the sign of the angle is obtained. However,
assuming that the angle between the molecular absorption and emission
dipole is zero, which is a good approximation in the case of DiI [31, 32],
the absolute angle can be determined by rotating the excitation
polarization and comparing the relative intensities between the various
measurements.
TABLE 4.1: In-plane molecular emission dipole angles in degrees for all
23 molecules displayed in Fig. 4.4, for all four excitation polarizations.
No. 90°
0°
45°
-45°
Fig. 4.4(a)
Fig. 4.4(b)
Fig. 4.4(c)
Fig. 4.4(d)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

forward

backward forward

backward

forward

forward

backward

68 ± 2

69 ± 2

59 ± 3

60 ± 3

56.8 ± 0.7 57.4 ± 0.8

69 ± 1

69 ± 1

59 ± 3

61 ± 3

63 ± 1

63 ± 1

68 ± 2

70 ± 2

65 ± 1

66 ± 1

57 ± 3

58 ± 3

60.8 ± 0.8 62 ± 1

64 ± 3

71 ± 1

71 ± 1

60 ± 5

66 ± 6

71 ± 1

73 ± 2

68 ± 2

71 ± 2

72 ± 2

73 ± 2

26 ± 1

39 ± 1

8 ± 17

9 ± 17

12 ± 2

13 ± 2

7±6

-18 ± 1

-18 ± 1

-18 ± 2

-19 ± 2

-16 ± 1

-17 ± 1

-14 ± 2

-15 ± 2

-15 ± 2

-16 ± 2

-15 ± 2

20 ± 1

19 ± 1

26 ± 1

19 ± 1

19 ± 1

19 ± 1

9±2

10 ± 2

9±3

10 ± 3

7±4

8±3

13 ± 2

10 ± 4

10 ± 3

-19 ± 12

backward

22 ± 7

18 ± 7

14 ± 2

14 ± 1

13 ± 2

49 ± 2

47 ± 2

40 ± 2

39 ± 2

36.6 ± 0.7 36.0 ± 0.8

55 ± 1

51 ± 2

50 ± 2

51 ± 2

46.7 ± 0.6 48.2 ± 0.6

25 ± 2

25 ± 2

44 ± 1

41 ± 2

40 ± 2

37.1 ± 0.9 39 ± 1

40 ± 3

42 ± 3

37 ± 1

38 ± 1

-32 ± 1

-34 ± 1

-28± 3

-24 ± 3

-48 ± 2

-49 ± 2

62 ± 3

61 ± 3

63 ± 2

67 ± 3

13 ± 2

13 ± 2

16 ± 2

45 ± 2

69 ± 3

45 ± 2

71 ± 2

43 ± 1

-35.5 ± 0.7 -35 ± 1
-36 ± 1

-36 ± 1

15 ± 2

15 ± 2

11 ± 3

39 ± 2

40 ± 2

28 ± 2

29 ± 2

27 ± 1

28 ± 1

28 ± 4

28 ± 3

-60 ± 2

-59 ± 2

-48 ± 2

-49 ± 2

-46 ± 3

-50 ± 3

-54 ± 1

-55 ± 1

-61 ± 2

-60 ± 2

-39 ± 1

-38 ± 1

-58 ± 2

-58 ± 2

-43 ± 1

-45 ± 1
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The calculated absolute angles for the numbered molecules in each of
the four images of Fig. 4.4, taken during the forward scan direction, are
listed in Table 4.1. From this table it is noticed that for molecules
oriented along the excitation polarization the angle of the emission dipole
of a molecule could be determined with an error of only a few degrees.
The error increases for molecules oriented far from the excitation
polarization due to the decreased signal to noise ratio. In order to verify
the values found in Table 4.1, an identical calculation was performed on
data measured on the backward scan direction. The angles calculated
from that data set are in agreement the angles calculated from data of the
forward scan, as can be seen in Table 4.1.
In order to simultaneously quantify the molecular orientation and the
fluorescence intensity of a single molecule, a scatter plot of the square
root of the counts per pixel in the 90° detector versus the square root of
the counts per pixel in the 0° detector was made. In Fig. 4.5 this was
done for 6 molecules taken from Fig. 4.4(c). For each molecule the
counts of 49 pixels (in an area with a radius of 4 pixels around the
molecule) are displayed. For each pixel the average background per
detector was subtracted. With an excitation polarization at 45° and for
molecules with an in-plane angle ϕ the relative intensities measured at

Figure 4.5: Scatter plot of the square root of the counts per
pixel in the 90° detector ( N 90 ) versus the square root of the
counts per pixel in the 0° detector ( N 0 ), for 6 molecules
from Fig. 4.4(c) with 49 pixels per molecule. The average
background per detector was subtracted. The solid line
represents the theoretical detection response for molecules
excited with light polarized with an angle of 45 degrees.
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the

two

detectors

are

I 0 ~ cos 2 (ϕ − 45)cos 2 (ϕ )

and

I 90 ~ cos (ϕ − 45)sin (ϕ ) , assuming the emission and absorption dipole
parallel. The solid line in Fig. 4.5 displays the theoretical detection
response curve for in-plane molecules excited under 45° where the
absolute scale of the curve was fitted to the data. The good
correspondence between the data and the theoretical curve confirms that
absorption and emission dipole of the DiI molecules are oriented
approximately parallel. It is interesting to notice that in Fig. 4.5
molecules 1 and 2 display a different intensity, despite their almost
parallel orientation. This can be explained by two effects. First, and most
likely, molecule 2 is rotated out of plane, decreasing the overlap with the
excitation and lowering the detection efficiency. Second, inhomogeneity
of the local environment of the molecules and their different proximity to
the aluminum probe affects the radiative decay rate [10-14], resulting in
intensity differences from molecule to molecule.
2

2

4.4 Conclusions
Fluorescence from single molecules could be localized with an
accuracy of approximately 1 nm, due to the sub-diffraction limited
resolution of the near-field scanning optical microscope. The trajectories
of R6G molecules on glass have been monitored over a hour period. The
molecular mobility is attributed to thermal diffusion. A probe induced
process could also influence the diffusion, however, no preferential
movement along the scan direction was observed. A lateral diffusion
constant of (6.7 ± 4.5)· 10-15 cm2/s was determined.
The benefits of a polarization discriminating detection scheme in a
near-field optical microscope have been demonstrated. Molecular dipole
orientations could readily be determined for all molecule in a single
image, showing the possibility of investigating single molecule rotational
diffusion on a time scale of 10-2-10+3 seconds, while simultaneously
locating the molecular fluorescence with an accuracy of about 1 nm. DiI
molecules on and in a PMMA layer were shown to rotate on a time scale
of minutes, indicating a much lower translational diffusion constant as
compared to the diffusion constant found for R6G molecules on glass.
Using different excitation polarizations the absolute dipole orientation of
stationary single molecules has been determined. The angle of the inplane dipole orientation was measured with an accuracy of a few degrees.
The absorption and emission dipole orientations of DiI molecules were
measured to be approximately parallel.
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Chapter 5
Probe-Sample Interactions
during Single Molecule Imaging

Interactions between sample and probe, other than due to
the light source character of the probe, have been
observed in some of the single molecule experiments. This
chapter shows some examples of these interactions, such
as sample manipulation by the probe and fluorescence
quenching. It should be stressed here that the results
presented in this chapter do not represent the average
experiment but are the result of an anomalous optical
probe or exceptional circumstances.

Chapter 5

5.1 Introduction
In various single molecule measurements interesting phenomena due
to probe-sample interactions have been observed. Section 0 and
Appendix A show that the highly non-uniform electric field at the
probe’s aperture is observed in the single molecule fluorescence
measurements. Defining a resolution by the full width at half maximum
(FWHM) of the non-gaussian fluorescence intensity of a single molecule
will therefore result in a different value than when looking at the physical
size of the aperture in a scanning electron microscope.
This chapter will show examples of probe-sample interactions. One
should bare in mind, however, that the majority of these results are
largely tip dependent and impossible to reproduce with different fiber
probes, reproducible results between different measurements using the
same fiber probe were obtained.
5.2 Observations of probe induced effects
5.2.1 Height correlations
In all single molecules measurements height images of the sample are
simultaneously obtained with the fluorescence images. An example of a
single molecule measurement were height image correlates with the
optical fluorescence image is shown in Fig. 5.1. The image displays a
1.5×1.5 µm area of a sample containing DiI molecules on PMMA. The
height image, Fig. 5.1(a), shows height features in the PMMA of a few
nanometers. The simultaneously measured fluorescence image displays
several individual molecules, each with a different orientation.
Combining the two images reveals that the molecules are located at the
small extrusions of the PMMA as can be seen in Fig. 5.1(c).
5.2.2 Probe induced sample modification
Modification of the sample induced by the probe, can originate from
optical processes, thermal effects and/or actual contact between the probe
and the sample. Already in the DNA measurements shown in Fig. 3.13
actual contact between probe and DNA was observed as an incision was
made through the DNA strand. Fig. 5.2 shows an example of a single
molecule fluorescence image where the molecule attached to the probe
during imaging. The image shows a 1×1 µm area of a sample of DiI
molecules on PMMA. It is observed that on the first scan line in which
the molecule changes position, the molecule rotates during the forward
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Figure 5.1: 1.5×1.5 µm area of a DiI molecules on PMMA, (a)
height image, (b) polarization color coded fluorescence
image, (c) combined height and fluorescence image.

Figure 5.2: Polarization color coded fluorescence images of
an area of 1×1 µm of DiI molecules on PMMA, (a) forward
scan, (b) backward scan, showing a molecule being moved by
the probe.

Figure 5.3: Polarization color coded fluorescence image of an
area of 1.5×1.5 µm of DiI molecules on PMMA, showing
possible fluorescence quenching at the molecules in the leftbottom part of the image.
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scan (Fig. 5.2(a)), and backward scan (Fig. 5.2(b)). In the following
scan line, the molecule attaches to the probe during the backward scan
and detaches from the probe several hundred nanometers to the left of its
original position. It is most probable that some PMMA, with the
molecule embedded, sticks to the probe and carries the molecule to the
new location. This would explain the gradual rotation of the molecule
observed during the movement of the molecule. No height features were
observed in the simultaneously measured topographic image.
5.2.3 Fluorescence quenching
The presence of the aluminum coated probe in the vicinity of the
fluorescing molecule can lead to the introduction of non-radiative energy
transfer to the metal, at distances less than 10 nm [1]. In independent
measurements Xie et al. [2] and Ambrose et al. [3] found the
fluorescence lifetime of the single molecule to be dependent on the
position of the molecule under the tip [4], resulting from the presence of
aluminum near the fluorescing molecule. Because of the grain formation
in the aluminum coating no two tips are exactly alike and therefore
different quenching effects can be expected at different probes.
Fluorescence quenching is also dependent on the orientation of the
transition dipole of the molecule with respect to the metal surface [1].
Fig. 5.3 displays a single molecule fluorescence image of a 1.5×1.5
µm area of DiI molecule on PMMA. In the left-bottom part of the image,
two molecules, which have a distinct dark spot in their fluorescence
profile, can be observed. This feature reproduces over several molecules
and over several images. The simultaneously measured height images
reveal only a flat surface without any additional topographic information.
The observed lack of fluorescence in the fluorescence profiles of the
single molecules is most likely due to local fluorescence quenching by
the aluminum probe. A small aluminum grain at the end of the fiber
could have locally quenched the fluorescence of the molecule, with the
grain slightly off-center compared to the intensity profile.
5.2.4 Resolution
In a near-field scanning optical microscope a resolution can be
achieved which exceeds the spot size of the probe. Fig. 5.3, for example,
showed a single molecule image where high resolution features could be
observed within the larger fluorescence spot. In case of a standard nearfield optical probe with a glass end face surrounded by a circular
aluminum coating, fluorescence quenching would enhance the spatial
resolution in near-field fluorescence imaging. When the same probe
would be used in a transmission/absorption measurement the spatial
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resolution would be less. As an example of the enhanced resolution
obtained by fluorescence quenching, Fig. 5.4 displays two consecutively
taken 1.5×1.5 µm single molecule image (100×100 pixels) of
Rhodamine-6G molecules on glass with extremely high spatial resolution
features. Fig. 5.4(c) displays the intensity profile at the marked position
in image (a). The FWHM of a gaussian fit through the profile is 27 nm.
In the same image two larger fluorescence features are visible each with a
distinct dark site at the lower-right part of the spot of about 100 nm.
These features can be attributed to fluorescence quenching by the
aluminum coated probe. The 27 nm spot size could be due to the
enhanced resolution by the fluorescence quenching at the border of the
aperture while some stray light surrounding the probe caused the weaker
fluorescence features.

Figure 5.4: (a), (b) Two sequential near-field fluorescence
images of a 1.5×1.5 µm area of Rhodamine-6G molecules on
glass with extremely high spatial resolution features, (c)
intensity line-profile from image (a) at the indicated position,
with gaussian fit (solid line).
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5.3 Conclusions
The examples presented in this chapter show that, apart from a subwavelength light source, the probe can influence the measurements due
to the metal coating or just by its physical presence. The ability to
measure a topographical image simultaneously with the optical image is
of high relevance when looking at non-uniformly dispersed samples [5],
and in the presented single molecules experiments a way to designate
topographical artifacts in the optical image.
Fluorescence quenching by the probe is unavoidable with the present
probes. The increased resolution due to the quenching is of course highly
appreciated. However, a well controlled tip-sample distance, and highly
reproducible probes are necessary for reproducible fluorescence imaging
or fluorescent lifetime measurements of single fluorophores.
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Chapter 6
General Discussion and Perspective
The work described in this thesis was performed in the framework of
a ‘scientific instrumentation’ program supported by the Dutch
organization for fundamental research on matter (FOM), and is mainly
focused at the development of an aperture type near-field scanning
optical microscope.
A major part of the effort has been directed towards the development
of a cantilever type near-field optical probe using micromechanical
techniques. This resulted in the realization of a cantilever probe with
optically transparent solid conical tip. The probes have been used in a
newly built near-field optical microscope with force feedback, using the
optical beam deflection technique. This instrument demonstrates the
flexibility and ease of use of a cantilever based near-field optical
microscope. The apertures present in the conical tips (~300 nm),
however, are still large compared to the apertures which have already
been obtained with fiber probes (~50 nm). Due to the improved stability
of the shear-force feedback mechanism [1], which controls the tip-sample
distance in a fiber based instrument, and because of the excellent results
which have been obtained with fiber probes [2,3], the fiber probe is still
favored over the cantilever type probes.
Recently, Münster et al. showed micromachined cantilever probes
with 120 nm aperture [4,5]. In the next few years it is to be expected that
developments in the cantilever type probes will have resulted in
cantilever type probes with comparable, or even better, optical
characteristics as compared to the fiber probes.
Currently, instruments are being developed utilizing a subwavelength scatter source as optical probe [6]. Although these probes can
have superior characteristics regarding probe size (~1 nm) and light
intensity, the applicability is narrowed down to very specific samples due
to the large amount of stray light and the reduced number of available
optical contrast mechanisms, with limited spectroscopic potential.
In fiber based near-field scanning optical microscopy further
developments are expected on the distance control mechanism, leading to
competitive results with atomic force microscopy. Chapter 3 reported a
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minimum detectable fiber tip amplitude of only 30 pm, which is
sufficiently small for measuring topography with atomic resolution.
The results displayed in chapter 4 and 5 demonstrate the high
resolution and high sensitivity of the near-field optical microscope. The
probe induced effects, discussed in chapter 5, reveal that for unperturbed
measurements the distance between the metal from the probe and the
molecules should be kept sufficiently large. In the case of single
molecule experiments where the density of the molecules can be chosen
arbitrarily, confocal microscopy is a good alternative to near-field optical
microscopy [7].
The true strength of the near-field optical microscope is the capability
of using optical contrast mechanisms with sub-wavelength resolution in
combination with high resolution topographic imaging. The most
important field of application will therefore be in biology, chemistry and
biochemistry, as now chemically specific optical contrast mechanisms
can be combined with topographic imaging, with a resolution down to a
few tens of nanometers. For example in the localization of specific
proteins in cell membranes, or in the localization of specific fluorescently
labeled DNA sequences on top of its topographic structure.
The field of near-field optics in general could profit from a more wide
spread use of near-field microscopes. Up to now, near-field optical
microscopes are not as commonly used as atomic force microscopes, due
to the complicated use of the near-field instrument. A real breakthrough
in the near-field optical microscopes would be the introduction of
cantilever type probes. This would introduce all contrast mechanism
which are available in atomic force microscopy into the near-field optical
microscope. Modes like contact mode, friction mode, tapping mode and
adhesion mode could be used both in air and in liquid [8].
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Appendix A
Single Molecule Radiation
In the electric field of the tip, displayed in Fig. 2.3(c), the oscillator
acquires the dipole moment,
& & &
&
µ = α E ⋅ε ε
(A.1)

(

)

where α is the oscillator polarizability.
The
an electric
& dipole emits an electromagnetic wave, which produces
&
field E in the far field in the direction of the unit vector n at the distance
R from the dipole,
&
& & & &
E = k 2 (µ − n(n ⋅ µ )) exp( ikR ) / R
(A.2)
where k is the wave number (k=2π/λ). Fig. A.1 displays the detection of
the electric field from the dipole using a lens with limited numerical
aperture (NA). In the experiments an 1.3 NA oil-immersion (noil=1.52)
objective with infinite tube length was used, resulting in a maximum
detectable angle θ of θmax = 58.8 deg. The electric field from the dipole,

&

&

Figure A.1: Dipole µ observed in the direction η .
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in front of the lens,
& can be split into two orthogonal
& components, one in
& &
the n, z -plane ( E p ), and one perpendicular ( Es ). The electric field
behind the lens propagates parallel to the z-axis, neglecting absorption
and reflection results,
E ' 2x + E ' 2y = E p2 + E s2 = E

2

(A.3)

&
&
&
&
where E ' x and E ' y can be derived by rotating E p and Es by an angle -θ
towards the z-axis and taking the x and y projections respectively.
The intensities are detected in the far field by the two detectors,
detecting the two orthogonal polarization directions ( I ' x , I ' y ), within the

numerical aperture, according to,
1
I'x =
4π
and

1
I' y =
4π

2π arcsin( NA /1.52 )

∫
0

∫

0

(A.4)

&
2
E ' y (θ , φ ) sin(θ )dθ dφ .

(A.5)

0

2π arcsin( NA /1.52 )

∫

&
2
E ' x (θ , φ ) sin(θ )dθ dφ

∫
0

Fig. A.2 displays calculated single molecule fluorescence images
which would be obtained using a probe with the electro-magnetic field
profile displayed in Fig. 2.3(c). The molecule has an orientation (φο, θο).
The numbers below the images denote the relative intensity in
percentages, in the x and y direction, respectively, when using the
polarization sensitive detection scheme displayed in Fig. 4.1. So, if the
polarization sensitive color scheme was used in Fig. A.2 the images at
θo = 0 would be yellow, the top-right image (at φo = 0 and θo = 90) would
be red and the bottom right image (at φo = 90 and θo = 0) would be green.
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Figure A.2.: Calculated single molecule images obtained with
an electric-field profile of Fig. 2.3(c), with an aperture radius
of λ/10, a tip-sample distance of λ/100 and an image width of
λ/2.5. The numbers below the images denote the relative
intensity in the two detection channels in percentages.
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Summary
Near-field scanning optical microscopy (NSOM) is one of the most
recent scanning probe techniques. In this technique, an optical probe is
brought in the vicinity of the sample surface, in the near-field zone. The
microscope can either work in illumination mode, in which the probe
consists of a sub-wavelength light source, or in collection mode, in which
the probe acts as a sub-wavelength detector. By scanning the probe over
the sample surface and measuring the optical signal at each position, an
optical image can be created. Because the probe has to be kept in the
near-field zone at constant distance to the sample, in order to avoid
intensity changes, a probe-sample distance regulation scheme is used to
maintain a constant distance between probe and sample. The application
of a distance regulation scheme results in the capability to measure a
topographical image simultaneously with the optical image, an important
asset of a near-field scanning optical microscope.
This thesis reports the development of two types of illumination mode
near-field scanning optical microscopes. The microscopes use aperture
type near-field probes, consisting of a sub-wavelength aperture which is
illuminated from one side. The light transmitted through the aperture
serves as sub-wavelength light source illuminating the sample.
Chapter 1 presents a brief introduction into the theory of optical
image formation, leading to the resolution limit in conventional far-field
optical microscopy. A near-field scanning optical microscope overcomes
this limit by probing the near-field over the sample surface. A short
overview of the instrumental and experimental accomplishments in nearfield optical microscopy is given in section 1.4.
One of the most important parts of the near-field scanning optical
microscope is the optical probe. In the experiments metal coated tapered
fibers as well as newly designed cantilever probes, with a subwavelength aperture, have been used. Chapter 2 describes the fabrication
process and emission characteristics of metal coated tapered optical
fibers. Additionally, the micromechanical fabrication of a new type of
probe, based on atomic force microscope probes, is described. The probe
consists of a silicon nitride cantilever with a solid transparent conical tip.
The probes are tested in a newly built near-field scanning optical
microscope system. Although the prospects of using cantilever type
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probes are good, fiber probes are still favored because of the superior
optical properties of the aperture.
The distance regulation scheme in a fiber based near-field
microscope, the shear-force control mechanism, is examined in chapter 3.
The dynamics of this shear-force feedback system, based on piezoelectric quartz tuning forks, has been investigated. In this system the
fiber is attached to the tuning fork and excited externally at its resonance
frequency. Experiments reveal that the resonance frequency of the tuning
fork changes upon approaching the sample. Both amplitude and phase of
the oscillation of the tuning fork can be used as distance control
parameter in the feedback system. Using amplitude a second-order
behavior is observed while with phase only a first-order behavior is
observed. The topography of a sample consisting of DNA strands on
mica was imaged using phase feedback.
A near-field scanning optical microscope with two polarization
detection channels, operating with tuning fork shear-force feedback, has
been used to observe rotational and translational diffusion of single
molecules. The molecules were dispersed on glass or embedded in
polymer. In successive images the fluorescence of single molecules was
followed over about one hour, with 10 ms integration time, until photodissociation. The orientation of the in-plane emission dipole of all
molecules in one image could be directly determined with an accuracy of
a few degrees. Different sets of molecules could be selectively excited by
rotating the excitation polarization. Monitoring DiI molecules in PMMA
over one hour, rotation of less than 10 degrees for the majority of
molecules was found, while incidental fast rotation and transition to a
dark state occurred. The fluorescence intensity was observed to be
molecule dependent, which is an indication for out-of-plane orientation
and different local photophysical environment.
Interactions between sample and probe, other than due to the light
source character of the probe, have been observed in some of the single
molecule experiments. Chapter 5 shows some examples of these
interactions, such as sample manipulation by the probe and fluorescence
quenching.
Finally, the results in this thesis are discussed in a broader perspective
and an outlook into future developments in near-field optical microscopy
is given.
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Samenvatting
Nabije-veld optische microscopie is één van de meest recente
scanning probe technieken. In deze techniek wordt een optische
afbeedling gemaakt van een preparaat met een resolutie beneden de
diffractie limiet. Dit gebeurd door een optische probe dicht bij het
oppervlak van het te onderzoeken preparaat te brengen, in het nabijeveld. De microscoop kan in twee modi werken: de illuminatie-mode,
waarbij de probe als lichtbronnetje met sub-golflengte afmetingen
fungeert, of de collectie-mode, waarbij de probe als miniatuur detector
fungeert. Een optische beeld van het preparaat kan worden verkregen
door de probe over het preparaat te scannen en op elke positie de licht
intensiteit te meten. De afstand tussen probe en preparaat moet constant
worden gehouden om intensiteits-fluctuaties te vermijden. Hiervoor
wordt een afstands-regulatie-mechanisme gebruikt. Daardoor bestaat er
in een nabije-veld optische microscoop de mogelijkheid om gelijktijdig
met het optische beeld ook een afbeelding van de topografie van het
preparaat te maken, dit is een belangrijk voordeel van deze vorm van
microscopie.
In dit proefschrift wordt de ontwikkeling beschreven van twee typen
nabije-veld optische microscopen. Deze microscopen gebruiken beiden
een apertuur als nabije-veld optische probe. De apertuur bestaat uit een
sub-golflengte opening in een licht-dichte metalen coating. Deze apertuur
wordt van één kant belicht, waarbij het licht uit de apertuur als lichtbron
fungeert, met de afmetingen van de apertuur.
Een introductie in the theorie van optische afbeeldingen, die leidt tot
de diffractie limiet in conventionele verre-veld optica, is gegeven in
hoodstuk 1. Deze limiet kan worden doorbroken door het nabije-veld
boven het preparaat te ‘proben’ met een nabije-veld optische microscoop.
Een overzicht van de instrumentele en experimentele resultaten in de
nabije-veld optica tot nu toe, is gegeven in paragraaf 1.4.
Een van de belangrijkste onderdelen van een nabije-veld optische
microscoop is de probe. Zowel een met metaal gecoate getrokken fiber
als een nieuw ontwikkelde probe op een bladveertje zijn gebruikt tijdens
de experimenten. Beide probes bezitten een sub-golflengte apertuur.
Hoofdstuk 2 beschrijft de fabricage van metaal gecoate getrokken fibers
en tevens de emissie karakteristieken van een apertuur probe. Ook wordt
het micromechanische fabricage proces beschreven waarmee het nieuw
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type probe is gemaakt, gebaseerd op atomaire krachts-microscopie
probes. Deze probes bestaan uit een bladveertje met daarop een
transparante massieve conische tip. De probes zijn getest in een hiervoor
speciaal ontworpen nabije-veld optische microscoop. De verwachtingen
van dit type probes zijn groot, maar omdat de optische eigenschappen
van al bestaande fiber probes nog beter zijn, is de fiber nog steeds
favoriet.
Het afstands-regulatie-mechanisme van de op fibers gebaseerde
nabije-veld optische microscoop is onderzocht in hoofdstuk 3. De
dynamica van een mechanisme gebaseerd op piëzo-electrische
stemvorkjes, gemaakt van quartz, is onderzocht. Hierbij is de fiber aan
één arm van de stemvork vastgemaakt en wordt het systeem, stemvork
met fiber, in resonantie gebracht door het extern aan te slaan.
Waargenomen is dat de resonantie frequentie van de stemvork verschuift
wanneer de fiber in contact wordt gebracht. Zowel de amplitude als de
fase van de oscillatie van de stemvork kunnen worden gebruikt als
terugkoppelings-parameter in de terugkoppelingslus. Wanneer de
amplitude van het oscillatie wordt gebruikt gedraagt het systeem zich als
een tweede-orde systeem terwijl met de fase een eerste-orde gedrag
wordt waargenomen. Als voorbeeld is een afbeelding gemaakt van de
topografie van een DNA streng op mica, met terugkoppeling op de fase
van de oscillatie van de stemvork.
Rotationele en laterale diffusie van individuele molekulen is
onderzocht met behulp van een nabije veld optische microscoop met
twee detectie kanalen, met onderling loodrechte polarizatie. De
microscoop werkt met metaal gecoate fibers met afstands-terugregeling
met behulp van stemvorkjes. De molekulen waren aangebracht op glas of
op of in een polymeer. In opeenvolgende afbeeldingen is de fluorescentie
van de individuele molekulen gevolgd tot ongeveer één uur of tot photodissociatie van het molekuul. De oriëntaties van de emissiedipoolmomenten van alle individuele molekulen in één afbeelding
konden direct worden bepaald met een nauwkeurigheid van enkele
graden. Verschillende groepen molekulen konden selectief worden geexciteerd door rotatie van de excitatie-polarizatie. DiI molekulen in
PMMA zijn gevolgd gedurende meer dan één uur. De meerderheid van
deze molekulen roteerden minder dan 10 graden tijdens de
waarnemingen, terwijl incidenteel een molekuul een snelle rotatie
onderging of een transitie naar een ‘dark state’ waarbij tijdelijk geen
fluorescentie wordt uitgezonden. Waargenomen is dat de fluorescentie
intensiteit per molekuul verschilde. Dit kan worden toegeschreven aan
verschillende oriëntaties van de molekulen uit het vlak van observatie, of
een foto-fysisch verschillende lokale omgeving van de molekulen.
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Interacties tussen probe en preparaat, die niet veroorzaakt zijn door
het lichtbron karakter van de probe, zijn waargenomen in enkele van de
experimenten aan individuele molekulen. Hoofdstuk 5 toont enkele
voorbeelden van deze interacties, zoals manipulatie van individuele
molekulen en fluorescentie quenching.
Tenslotte worden de resultaten in dit proefschrift in een breder
perspectief besproken en wordt een vooruitblik gegeven in de
toekomstige ontwikkelingen op het gebied van de nabije-veld optica.
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Nawoord
Na bijna tien jaar in Twente te hebben doorgebracht kan ik
terugkijken op een zeer plezierige tijd. Dit geldt zeker voor de afgelopen
vijf jaar binnen de vakgroep Technische Optica, die niet alleen plezierig
maar ook erg leerzaam waren. De buitengewoon goede sfeer binnen de
vakgroep, en zeker op vloer tien, heeft hier erg toe bijgedragen. Hierbij
wil ik dan ook iedereen bedanken die hieraan heeft meegeholpen.
In de eerste plaats wil ik Niek van Hulst en Bouwe Bölger bedanken
voor de mogelijkheid om na mijn afstuderen nog vier jaar lang onderzoek
te verrichten binnen de groep. Vooral Niek wil ik bedanken voor de
prettige samenwerking en begeleiding tijdens deze periode. Marco Moers
ben ik erg dankbaar voor zijn expertise en steun tijdens de eerste helft
van mijn promotie-onderzoek, en voor de blijvende interesse gedurende
het tweede deel van mijn promotie. De prettige samenwerking met Joost
Anne, opzoek naar de enkele molekulen, leverde een erg vruchtbare
periode op. Waarbij gedurende deze tijd de apparatuur langer aanstond
dan uit. Joost Anne, ontzettend bedankt voor het hechte teamwork,
waarbij wij elkaar perfect aanvulden.
In de eerste helft van mijn promotie, de cleanroom-periode, heb ik
veel steun gehad aan de hulp en kennis van Meint de Boer. Hij heeft mij
heeft ingewijd in de beginselen van de micromechanica, waarvoor ik hem
erg dankbaar ben. Verder wil ik de MESA-cleanroom-staf bedanken voor
hun hulp. Speciaal Bert, voor de SEM opnamen van de tips en de
discussies tijdens deze sessies. Alle andere MESA-gangers wil ik
bedanken voor hun interesse en de discussies in het cleanroom.
Ik wil Frans en Eric bedanken voor hun onmisbare flexibele inzet en
electronische kennis. Het stelde mij in staat om in no time nieuwe ideeën
uit te proberen of kapotte apparatuur weer in herstelde staat te gebruiken.
Kees van der Werf wil ik bedanken voor zijn heldere uitleg op het gebied
van de electronica en voor zijn verfrissende kijk op allerlei technische
zaken. Vooral bij de implementatie van de stemvorkjes was zijn hulp
onmisbaar.
I want to thank Maria for her positive contribution to the group and
for the help in the preparation of some of the articles. Other foreign
influences in the group, Esa, ms. Hu and Alain, are thanked for
brightening up the group.

91

Charles wil ik bedanken voor zijn mentale ondersteuning tijdens de
laatste loodjes van mijn promotie. Verder wil ik iedereen binnen de
vakgroep bedanken voor de goede tijd en de plezierige samenwerking,
waaronder Remco, Oscar, Oscar(W), John, Marcello, Juleon, Wouter en
de vele anderen.
Buiten de vakgroep waren er vooral mijn (ex-)huisgenoten, Jeroen,
Koos en Aswin, en mijn tennispartners die ervoor waakten dat ik niet
continu met het onderzoek bezig was.
Tenslotte wil ik mijn ouders bedanken voor de blijvende
belangstelling en mentale ondersteuning.
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