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Abstract

A crucial part of the Scanning Near-Field Microscope (SNOM) is the distance

regulation that keeps the separation of a fiber probe tip and the sample surface

constant. Previously, shear-force detection was implemented. Shear-force

interactions have the disadvantage of being destructive on soft sample. The

implementation of an alternative tapping-mode is investigated in this thesis. In

tapping-mode, the fiber tip oscillates perpendicularly to the sample surface, thus

avoiding the destructive lateral shear-force.

This thesis also provides a general overview of SNOM, including the theory of

near-field, the definition of spatial resolution, as weIl as the tip-sample distance

regulation. Tapping-mode feedback is implemented and discussed in comparison to

traditional shear-force feedback. Both CD stamper and Polystyrene images were

obtained by using tapping-mode SNOM, and compared to images taken under

shear-force mode SNOM and Scanning Electron Microscope. Different factors,

which affect the performance of tapping-mode SNOM are discussed.
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Résumé

Une part cruciale de la microscopie optique à champ proche, ou Scanning Near­

Field Optical Microscope (SNOM) est le contrôle de la distance qui maintient la

séparation entre l'échantillon et la pointe constante. La détection de force de

cisaillement a été réalisée précédemment. L'interaction des forces de cisaillements

a l'avantage d'être non-destructive sur des échantillons mous. La réalisation

alternative d'un mode tapping est étudié dans cette thèse. En mode tapping, la

pointe en fibre optique oscille perpendiculairement à la surface de l'échantillon,

évitant ainsi les forces de cisaillements destructives.

Cette thèse fournie également une vue générale de la technique SNOM, incluant la

théorie de champ proche, la définition de la résolution spatiale, ainsi que le

contrôle de la séparation entre la pointe et l'échantillon. La boucle de rétro-action

du mode tapping a été réalisée et est discutée par rapport à celle traditionnelle des

forces de cisaillements. La poinçonneuse CD et les images de polystyrène ont

toutes deux étés prises sous le mode tapping du SNOM et comparés aux images

prises par le SNOM en mode force de cisaillement ainsi que la Microscopie

Électronique à Balayage. Différents facteurs affectant les performances du SNOM

en mode tapping sont discutés.
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Chapter 1

Introduction

Since the development of the compound microscope nearly three centuries ago,

through the years, technological and scientific studies have required finer and finer

resolution. With the techniques of the Scanning Tunneling Microscope (STM), Dieter

Pohl et al. developed the Scanning Near-Field Optical Microscope (SNOM or NSOM)

in 1984. Abbe's barrier (the detectable feature size is restricted to about one-half the

wavelength of light) described the diffractioOn limits of conventional far-field

microscope. The limits have been surpassed by a new generation of near-field

microscope. The placement of an aperture in close proximity to the object has made it

possible to deliver high spatial frequency information (evanescent waves) to the

detector located in the far distance. This aperture is often fabricated from tapered

optical fibers.

In most conventional SNOM, the tip-sample separation regulation is done by using

shear forces as a feedback signal. Shear forces are detected by using the fiber probe as

a force sensor. The force signal is detected generally by focusing a laser beam onto the

fiber and recording the stray light [1]. Several other detection schematics [2,3,4,5,6,7]

1



1 Introduction 2

employ shear-force feedback; one of the most prominent methods uses a quartz tuning

fork [5,8,9], having the fiber tip attached to one of its tines. The tuning fork/probe tip

assembly is driven at its resonance frequency and delivers a piezoelectric signal,

which is linearly proportional to the fiber amplitude. Both the oscillation amplitude

and the phase signaIs can serve as a feedback signal to control the tip-sample

separation when the tip is in close proximity with the sample surface.

An alternative method of distance control for SNOM is to use normal forces "tapping­

mode" instead of the lateral shear-force. Tapping-mode is better suited for operating

on soft surfaces [10,11], since there are almost no lateral forces involved; i.e., the tip is

not dragged over the surface. Lateral forces can not only destroy a soft sample, but

also easily break sharp SNOM tips. The latter leads to a degradation of resolution and

a reduction in the reliability of SNOM operation.

In Chapter 2, a brief theoretical introduction to near-field imaging is given. Chapter 3

discusses the investigation of tapping-mode SNOM performed during this Thesis, and

Chapter 4 draws sorne conclusions. The major aim of this thesis was to investigate the

implementation of tapping-mode SNOM 'using a tuning fork detector.



Chapter 2

Scanning Near-Field Optical Microscopy:

Theory

This chapter provides background about Scanning Near-Field Optical Microscope

(SNOM). In the. first section, a theory of high spatial frequency waves (evanescent

waves) is introduced. Application of this theory to the optical imaging process

provides the connection between the near-field and the far-field; it also helps to define

the resolution of conventional microscope and near-field microscope. This will be

followed by an example of the two main operation modes and the mechanical

properties of the probe tip/tuning fork assembly. At the end, a short introduction to tip-

sample distance regulation is given.

2.1 Evanescent Waves

In any plane, a monochromatic electric field can be expressed as [21]:

Ë(R)=~ l dK P(K z)ei(Kx,y.ï')21& x,y x,y' ,

3

(2.1)



2.1 Evanescent Waves 4

where Kx,y =(Kx' Ky) is a spatial wave vector parallel to the plane, and F(Kx,y,z)

is the Fourier transform of this electric field; i = (x, y) is any spatial point in the

plane. To satisfy the Helmholtz equation «V2 +K 2 )Ë(R) = 0). We get

d
2

2 - -
(-2+K,)F(Kx y'z) = 0,
dz '

1

where K z = (K 2
- K;,y)2

The general solution ofEq. (2.2) is:

where ê(Kx,y) are the functions of Kx,y. The electric field Ë(R) then becomes:

(2.2)

(2.3)

(2.4)

(2.5)

which is a spectrum of plane waves of the form AeiKr
, where A is the amplitude,

A = ê(Kx,y) , and K is the wave vectors, K = (Kx,y,Kz). From Eq. (2.3), when we

have a wave with low spatial frequency (small KX,y' K z is real), it is called a

homogeneous wave. On the other hand, when a wave contains high spatial frequencies

(large Kx,y' K z is imaginary), it is then called an evanescent wave. This type ofwave

decays exponentially in the z -direction within distances comparable to the wavelength

Â.. In our SNOM, the object we use is of sub-wavelength size; thus it gives out high

spatial frequency information (evanescent waves).
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2.2 Near-field and Far-field

(A)
Object planar wave

(B)
Nem-field aperture

Figure2.1 Model of (a) object of subwavelength slit ofwidth L
(b) a near-field aperture ofwidth,B. From [12]

Figure 2.1 shows a simple model [12], which explains how the near-field microscopes

overcome the disadvantages of conventional far-field microscopy. The most

fundamental issue in SNüM imaging is the ability of delivering high spatial frequency

information to the far-field detector. It involves the interaction of the object and the

device, which is used to create the image of the object. In Figure 2.l(a), we consider

an object with an opening of width L ( L is of subwavelength dimensions), located at

z =O. A light source with monochromatic plane waves of wavelength Il. illuminates

this object screen from the left. The field at z =0 is A(x, z =0) =Eorect( x). A
L

detector (in the image plane) is located in a distance Z(Z» IL) to the right of the

object plane. The detected field at far-distance z = Z can be written in terms of the

Fourier transform of the field at z = 0:
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l

A(x,z =Z) = [dax exp(-2niaxx)F(ax'z =0)exp[-2ni(a2 -a;)2 Z]. (2.6)

Because of the size of the opening (object screen), the diffracted light contains high

spatial frequency information (evanescent wave). These waves decays rapidly with z

and thus do not survive the journey to the detector (z = Z» Â.) ; only the propagating

waves (low spatial frequency) exist in the image plane. So for the far-field Eq.(2.6),

l

we only have to integrate over 1ax 1<~ ( for (a2
- a;)2 is positive and real).

21rC

This field becomes:

(2.7)

With the existence of the near-field device (Figure 2.1(b), a subwavelength aperture of

width p in a screen at a distance z =E « Â. ), the field at z =E is:

x
A(x,z =E) =Eo(x,z =E)Xrect(p)'

Now we can also define the field at z = Z :

(2.8)

Eq.(2.7) and Eq.(2.8) are the two equations which represent the field at a distance of

z = Z in the presence of the near-field aperture (2.8) and without the presence of the

aperture (2.7). We can examine whether the high spatial frequency information can be

detected by a detector at z = Z by considering one specific frequency 01 (putting

F(ax'z =0) =Fô(ax -01) in both formulas (2.7) and (2.8».
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For the conventional far-field m.1croscope, only low frequency can survIve at

macroscopic distances z = Z :

1

A«x,z =Z) =E o exp(-21litik) exp [-21li(a2_(2)?Z]
w

for m<­
c

(2.9)

and =0
w

for m>­
c

While for the case with the near-field aperture:

1

A(x, z = Z) =Eo exp[-21li(a2
_(

2 )? e]

1 • ( )Lr w / 2nz: - sm a - mx l, dax exp(-21liaxx) exp [-21li(a2-a;)2(Z _e)]_--=--::x:.------'--_
w/2nz: a

x
-m

(2.10)

The high spatial information gets delivered to the far-field detector. This explains why

the presence of an aperture of sub-wavelength dimensions in the near-field of an

object can help to deliver high spatial frequency information by converting the

evanescent waves into propagating waves, thus making the detection possible.

2.3 Spatial Resolution

Spatial resolution has always been the central issue related to the performance and the

sensitivity of an optical microscope. For the conventional optical microscope, the

spatial resolution limit is imposed by the wave nature of light (Abbe's barrier). The

requirement of better resolution is the driving force behind the development of the

near-field microscopy.
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2.3.1 Classical Resolution Limits

8

We assume a sample lies in a z = °plane (x, y,O) with an electric field of Ë(x, y,O) .

The Fourier spectrum ofthat field is:

(2.11)

Assuming that a detector is located in a distance L in the z-direction, from Eq.(2.l1)

with the boundary condition F(Kx,y,Z ~ 00) = 0, we get:

(2.12)

Eq.(2.l2) shows that we can calculate the Fourier spectrum at any distance in thez-

direction by simply multiplying the z = °Fourier spectrum with the factor eiK
:
L

,

where Lis any distance in the z-direction. From Eq.(2.3), we know K z can be both

real (K;,y «K2
) and imaginary (K;,y »K2

). In the former case, the corresponding

Fourier spectrum are propagating waves with features larger than~ = ~. This is the
2H K

low spatial frequency wave, which will make it to the far-field image plane.

From the above considerations, we know that for conventional far-field microscope,

the resolution limit (the smallest feature that can be detected) is:

À..I 1 Ji hO h ° h h Abb' . ° À v 1.22Ji.
uu = - = -, W IC agrees Wlt tee s cntenon LUl. min =--sm rp ,

K 28 2n

where n is the index of refraction of the medium between the object and the lens,

andrp is the aperture angle in the medium. For a conventional optical microscope -
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a system whose objects, probes, and separations are large with respect to the

wavelength of light - the resolution is only slightly smaller than the wavelength of the

light source.

2.3.2 SNOM Resolution

'jIRectangular aperture
1detector

1 ~ =dl
'v 1

y-~:-"x.-------

High spatial frequency abject
Figure 2.2 A schematic of a small aperture scanning over a high spatial frequency object

Recall from the previous discussion of how a small device helps the high spatial

frequency information get delivered to the far-distance detector. A small aperture is

brought into the near-field of the object. The following discussion explains how the

dimensions of the aperture affect the spatial resolution. Consider an object of high

spatial frequency a, described by a(x) = 1+ cos(21l'~), as depicted in Figure 2.2. A

rectangular aperture detector of size P, scanning at a velocity v, is in close proximity

to the object. The detected signal is [12]:

G(x) = Dra(x)rect(~)dx,
00 P

where D is the detector response.

(2.13)

With the conversion of spatial frequencies to temporal frequencies (1 = av) , we get:



2.4 Modes ofOperation

G(x) = Dra(x)rect(~)dx
GO p

P
=D aÜ+Re{e2Ri(ft-~)}]dx

2

= fJD + D sin(nap) cos(2,gi)
Ka

10

(2.14)

To maximize this detected signal G(x), the aperture size must be of the order of the

sample size.

1 v
p= 2a = 2/ =d,

where dis the sample spacing size ( d =~ = Â. = ~)
28 2(aÂ) 2a

(2.15)

In order to have the highest possible resolution, we must use an aperture in the near-

field of the sample with a size comparable to the sample spacing size.

2.4 Modes of Operation

Fiber

\ 1
~

Objective lens

(A) Illumination mode (B) Collection mode

Figure 2.3 Two main SNOM operation modes
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Figure 2.3 depicts the two main operation modes of SNûM in (a) illumination mode

and (b) collection mode [13]. A detailed discussion on these two operation modes has

to involve the imaging process. Supposed matrix M represents the intrinsic properties

of the object. The only two fields involved in SNûM imaging are those of the tip

(E tip ) and of an objective lens (Elens )' M, E tip and E lens are functions of position (r) ,

wavelength(Â) and time(t).

In illumination mode, the probe aperture acts as a light source and the interaction

between the probe tip and the object defines an available field (Etip • M). While in

collection mode, light is collected through the probe aperture, and the available field is

(Elens .• M) . After the imaging operation, a signal of image (1(r, Â, t) ) can be written

in terms of the interaction between M,Etip and E lens :

I(r, Â, t) =Il JEtiP • M· ElensdrdÂdt

2.5 Mechanical Properties of Tuning Fork/Fiber

Probe Assembly

2.5.1 Optical Probe

(2.16)

An optical fiber can be considered as an oscillating beam of diameter a with one side

clamped to the tuning fork tine. The differential equation is given by:

(2.17)
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4

where E is the Young's modulus (E =79GPa for quartz material [14]), 1 = !ta ­
4

the moment of area around the beam axis, d is the mass per unit length, and ris a

damping parameter.

The damping mainly cornes from both the internaI damping of the material ri' and the

shear-force damping, which depends on the tip-sample distance D, and affects only

the tip (y = M). 80 we get:

r = ri +Y2(D)o(y- M) (2.18)

Firstly, we consider a freely oscillating beam (y = 0), from Eq.(2.17), we get

(2.19)

where 1(4 = w
2

d, by assuming z has the form z(y,t) = z(y)e iwt
• The general

El

solution for Eq.(2.19) is:

z(y) = Pl cos(~) + P2 cosh(~) + P3 sin(~) + P4 sinh(~)

With the boundary conditions:

z(O) = z'(O) = z"(M) = z"'(M) = 0

We get:

cos(KM) cosh(KM) +1 =0 .

(2.20)

The first three numerical solutions of Eq.(2.20) and the corresponding resonance

frequencies for an optical fiber with an extension of 1 millimeter from the gluing point

on the tuning fork are shown in Table 2.1.
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KM
w1(-,kHz)

21t

1.875 37.184

4.694 58.853

7.855 76.109

13

Table 2.1 The first three values of KM and the corresponding resonance frequencies for a

fiber with an extension of 1 millimeter from the edge of the tuning fork, from [14]

2.5.2 Tuning Fork /Fiber Probe Assembly

A quartz tuning fork is used as an interaction force transducer. It is driven at its

resonance frequency. Each tine of the tuning fork can be thought of as an oscillator,

with constant K stat ' oscillating with small amplitude a(t). The equation of motion for

such an oscillator driven at frequency w is:

(2.21)

where mois an effective mass and F is the mechanical drive force exerted by the

piezo dither, and w is the driving frequency. We assume FD represents the sum of the

drag forces, which, in SNüM, results from the tip-sample shear-force interaction. It

can be expressed as:

FD = moy~~ (r is a damping parameter with the unit offrequency).
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The solution to Eq.(2.21) is:

14

(2.22)

where WolS the resonance frequency of the tuning fork, which is defined as

When the tuning fork is driven right at it resonance frequency (w = wo )' we get the

iWot(F/ )
amplitude a o = e . mo

• With the defmition of the mechanical Q -factor of the
''iWo

tuning fork (Q factor, defined as Wo / AWFMHM , with AWFMHM being the full width of

the resonance peak at half maximum, and 10 = W 0 ), we can finally get the
2n

oscillation amplitude and the shear-force experienced by the tuning fork [8]:

F = i( K stat )a
DO J3Q 0

(ao and FDo are 90° out ofphase with regard to the driving force).

(2.23)

(2.24)

From Eq.(2.24), we can see that this is a spring equation with effective spring constant

K o =~~ . Experimentally, we usually obtained a Q factor of around 350 (with an

attached fiber), so the effective spring constant is around 43 N/m, which demonstrates

how the stiff tines of a tuning fork can be made dynamically softer. When a tuning

fork is driven at or near its resonance frequency, the oscillating amplitude of the two
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tines is at a maximum. Figure 2.4 is a typical resonance peak of a tuning fork with

Q factor of around 5,000 (bare tuning fork, no fiber tip).

32780 32800 32820
Frequency(Hz)

3.5

0.0

-0.5 + .....--.....- ....--......- .....--.....--,.--.,.

o.

-~ 2.5

- 2.0:::..
:::s..'1 1.5

:::.:
1.0

Figure 2.4 Resonance frequency peak for bare tuning fork (Q-5,OOO)

The Q factor is an essentia1 factor relating to the performance of the SNOM. The

thermally 1imited minimum detectable force gradient using an AC AFM driven at the

cantilever resonance is given as [22]:

(2.25)

where A is the oscillation amplitude of the probe assemb1y, and B is the detection

bandwidth. Therefore, high sensitivity requires a high Q factor. In tapping mode

SNOM, we have A == 20nm, K stat =26x103 N / m, and B = 260Hz, we thus get

, -3
Fmin = 5.6 x 10 N / m .
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When a fiber is attached to one of a tuning fork's tines, the Q factor of the assembly

can be dramatically reduced. The Q factor of a tuning forklprobe tip assembly is

essentially dependent on the symmetry of both of the tuning fork's tines. When the

two tines are not strictly equivalent, a mismatch 4f of the resonance frequencies

between its two tines will result. In Ref. [15], the effect of the tine asymmetry on the

Q factor was tested. The inverse Q factor of a tuning fork as a function of !lI is

plotted and the line ofbest fit found to be:

(2.26)

where Qo is the quality factor of bare tuning fork (~5,OOO) and a is a fitting

parameter. Experimentally, it was found that for a typical tuning fork, a = 1.8 x 10-9
•

This mismatch 4f is dependent on the extra mass and stiffness due to the attachment

of a fiber probe to only one of its tines. It is given by:

!lI 1 tif( Mf
-=-(---).
1 2 K M

(2.27)

Here M and Mf represent the changes in the effective spring constant and the

effective mass of the tine. In Section 3.2, we will further discuss how two different

configurations - shear-force mode and tapping-mode - affect the Q factor.
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2.6 Feedback Distance Regulation

17

As shown in Section 2.2, a SNOM probe essentially converts an exponentially

decaying wave into a signal detectable in the far field. The amount of light collected

by the probe depends exponentially on the tip-sample separation, which thus needs to

be maintained constant. To control the distance between the tip and the sample, one

usually measures the interaction force between tip and sample. A feedback circuit

identical to that of an atomic force microscope (AFM) is generally used to maintain

the interaction force constant. An implicit assumption is made that maintaining the

interaction force constant keeps the tip-sample interaction constant. Various AFM

operation modes can be implemented with a tapered SNOM fiber tip. The most

common force interaction used is shear force, where the fiber tip is oscillated parallel

to the sample surface. This works and has been implemented in our SNOM [14] but

can lead to lateral forces large enough to destroy fragile (biological) samples or very

sharp probe tips. An alternative is to use tapping mode [2,16,17,18,19], where the tip

is oscillated perpendicularly to the surface. The aim of this thesis is to investigate the

implementation of tapping mode distance control in our SNOM, as this would possibly

lead to a more reliable and less destructive routine operation.



Chapter3

Instrumentation

Figure 3.1 shows a schematic of our Scanning Near-Field Optical Microscope (SNOM

[14]). AlI SNOM components are secured to a workstation which shields the

microscope from external vibrations (the most significant external vibrations are

building vibrations of frequencies below 100 Hz ). We use a Helium-Cadmium laser,

which can provide 442-nanometer wavelength (blue light) and 325-nanometer

wavelength (ultraviolet light) simultaneously. A quartz tuning fork is implemented to

detect the oscillations of the fiber probe. A fiber probe with a tapered end is glued to

one of tuning fork's tines (with a cyanoacrylate glue). The whole tuning forklprobe tip

assembly sits inside a piezoelectric sample scanner tube, the z-portion of which is

controlIed by a feedback controlIer maintaining the interaction force constant. While

acquiring data, the sample scanner is scanned with respect to the fixed probe tip. The

sample is mounted onto a thin (0.17 mm) glass coverslip, which is held (by Samarium­

Cobalt magnets) in the end of the sample scanner tube.

18
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Figure 3. l Aschematic of Scanning Near-Field Optical Microscope

3.1.1 Manufacturing of Tapered Fiber Probes

A 3M single-mode fiber with an operating wavelength of 630 nm and a cutoff

wavelength of 620 nm is used. It has a core diameter of 3.3 microns, a cladding

diameter of 125 microns and an acrylate jacket diameter of 250 microns. The end of

the optical fiber was tapered by using either a micropipette puller or chemical etching.

The puller uses a hand-made Platinum-Iridium coi! of wire as a heating filament. The

heating-and pulling process inc1udes two steps:

a. at sorne temperature Th, the pulling and rupture ofa heated fiber.
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b. cooling and relaxation until viscous flow is negligible.

AH the pulling parameters, including the heating filaments current, the pulling

strength, the fiber velocity at which the pulling force is exerted, need to be readjusted

every time a new filament is used.

An alternative method for creating tapered probe tips involves a chemical etching

processes. We used about 100 mL of a 40% HF solution in a petri dish covered by 50

mL of l-octanethiol (to prevent HF from evaporation). Fibers were immersed in the

solution for about one hour, and then we dip the etched fibers into dichloromethane for

25 seconds to strip the fibers off their protective jackets. This method creates the

desired taper shape and tip size of the fiber.

Once the taper region of the fiber is done, an aperture has to be properly defmed to

make the SNOM probe. When light is coupled into fiber, it will travel down to a point

in the taper region where the fiber diameter cannot maintain the propagating wave any

longer. This light will leak out from the fiber. The leaking of light will create an

aperture much greater than the desired aperture. To have a smaHer aperture, an

Aluminum metal coating is deposited on the taper region by physical vapor deposition

(PVD) processes [14] to create aperture of - 50nm in size. Figure 3.2 is a schematic

illustration of PVD. The fibers are usually tilted by 15° with respect to the direction of

evaporation, thus the aluminum metal coating will covers only the tapered region but

not the tip.
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Figure 3.2 Physical vapor deposition (PVD) ofaluminum onto fiber probes. From [14]

3.1.2 Tuning Fork/Fiber Probe Assembly
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Figure 3.3 Tuning fork/probe tip assembly oftapping-mode SNûM

Central to force and force gradient detection in AFM is a deflection sensor. In most

AFMs and SNOMs this is achieved optically. In SNOM this has the potential to

interfere with the optical signal. It is for this reason that our deflection detection

system was implemented with piezoelectric detection by using quartz tuning forks as

the sensing element. Enhanced sensitivity can be achieved by using AC techniques
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[13]. In AC-AFM, the resultant interaction is a force gradient proportional to the

measure frequency shift L1w of the force-sensing cantilever with a spring constant

F'
L1w=w(--)

2K stat

(3.1)

The fiber tip is glued to one of the tines of the tuning fork that is thus effectively our

cantilever. The spring constant of our assembly (tuning fork/probe tip) is dominated

by the geometry of the tuning fork (see later). Tuning fork's spring constant K stat can

be calculated and is given by K stat = (E )W(T ) 3 == 26 xl03 N 1m, where E is the
4 L

elasticity modulus (i.e. Young's modulus) of the piezoelectric fork material, Lis the

length of the tube, T is the thickness and W is the width as indicated in Figure 3.3.

The dimensions of the tuning fork are 3.5 x 0.6 x 0.25mm . The tuning fork is vibrated

in its anti-symmetric mode, without any motion of the its base in the direction of the

two tines' vibration; therefor minimizing the dissipation energy (or, equivalently,

maximizing its mechanical Q).
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Figure 3.4 A schematic oftapping-mode test setup

Figure 3.4 schematically shows an experimental setup to efficiently and quickly

evaluate our tuning fork/probe tip assembly of tapping-mode SNüM. A close-up of it

is shown in Figure 3.3. In an assemblies, a commercially available crystal quartz

tuning fork with resonance frequency of 32,768 Hz and Q factors of ~5,OOO in air was

used. A 15-cm tapered fiber tip is glued (with super glue) onto one of the tines of the

tuning fork's.
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This gluing of the fiber against the tuning fork is tedious but essential. The Q factor

depends strongly on the gluing and can be dramatically degraded (from 5,000 to 350,

see Figure 2.4 and Figure 3.5) by the possible migration of the glue along the tines of

the fork.

The tip part of the fiber only extended 1 mm from the gluing point; it oscillates

perpendicularly to the sample surface. When we first attached the fiber onto the tuning

fork, no resonance frequency peak with reasonable Q factor (>100) was found.

When we used an aluminum metal piece to lift up the free end of the fiber, preventing

it from touching the 2nd tine of the tuning fork, a resonance frequency peak with

Q factor of around 300 (see Figure 3.6) was measured. We then replace the aluminum

metal piece with some other items- a piece of cardboard, a Q-tip, a piece of plastic,

Figure 3.7 is the resonance peak we obtained when we used a piece of cardboard to

replace the aluminum metal piece. We can see that the resonance frequency peak has

much lower Q factor (- 100). We attribute this to the presence of more friction

between the fiber and the surfaces for materials other than the metal surface, thus the

energy dissipated more efficiently (lowering Q ) when the fiber is vibrating. We

concluded that the nature of how the free end of the fiber is mechanically constrained

critically affects our system Q factor.

In the SNOM setup [14], the configuration of the probe assembly as well as the

relative positions of the probe tip and sample are different from our test setup. Figure

3.8 depicts the details of the probe assembly in the SNOM under shear-force mode (a)

and tapping-mode (b).
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Instead of being epoxy glued to a piezoelectric oscillator, the tuning fork/probe tip

assembly here is glued to a removable holder which is screwed to a 2.5-cm long dither

piezo tube.

The dither piezo tube is epoxy glued to a lO-cm long aluminum shaft, which is

connected rigidly to a fiber aligner. The whole probe assembly (with the dither piezo

tube) sits inside a sample scanner - a 6.35-cm long, 1.27-cm outer diameter and 0.05­

cm thick walled piezoelectric tube. While acquiring the data, the sample scanner is

scanned with respect to the fixed probe tip. The fiber aligner adjusts the fiber to a

proper position on the sample surface for scanning.

In order to implement tapping-mode in the SNOM setup, we replaced the tuning fork

holder with a new one, which can hold the probe assembly in a way that it oscillates

perpendicularly to the sample surface. (see Figure 3.8(b». This configuration couldn't

achieve the desired resonance frequency peak with reasonable Q factor (>200). A

new inner tube is implemented (as depicted in Figure 3.9). Instead of connecting the

tuning fork/fiber probe assembly to a dither piezo tube, the whole assembly is epoxy

glued to a piezoelectric oscillator similar to the configuration of our tapping-mode

SNOM test setup.
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An alternative way for implementing a tapping-mode fiber probe assembly is to attach

only a few millimeters long tapered probe tip onto one tine of a tuning fork. This

reduces the additional mass of one of the tines. Recall that the Q factor depends
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strongly on the symmetry of the tines (Eq.(2.26)). Such an assembly has been reported

in the literature [21], but has the problem of coupling light into the short attached fiber

probe tip without excessive leakage. In passing we would like to mention that this 'tip-

without-a-fiber' tuning fork assembly works weIl as a regular, non-optical force

microscope, a property sometimes sought after in the imaging of e.g. light-sensitive

quantum dots by AFM.

3.2.2 Results for Different Configurations
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Figure 3.10 The tuning fork/probe tip assemblies of (a) Shear-force mode (b) Tapping-mode

The resonance frequency of the tuning fork/fiber probe tip assembly changes as the

probe tip approaches the sample surface independent of the operation mode. In the

following we investigate the effect of shear force and tapping mode configurations on

the system Q factor. Recall that Q is one of the dominant factors determining the

sensitivity of the measured force interaction.
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3.2.2.1 The Shear-Force Configuration
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A fiber is glued along the edge ofa tuning fork's tine (see Figure 3.1O(a)). Recall from

Section 2.5.2, Eq.(2.26) [ l- = _1_ +aA.f2 ] - the Q factor is dependent on the
Q Qo

41' lM Ml
symmetry of the tuning fork's two tines - and Eq.(2.27) [-=-(-----) ]-41'

f 2 K M

(a mismatch between the resonance frequencies oftuning fork's tines) depends on the

extra mass and stiffness due to the attachment of the fiber probe. When the tuning fork

vibrates; the deformation of the fiber is a pure bending [15]:

where Ef is the Young's modulus for the fiber material and If is the cross-sectional

moment of inertia of the fiber (l f =!L3S), where Lis the width of the fiber (~ the
4

width of the tine), S is fiber cross-section. Considering a rectangular tine of width

Land thickness t, I tine =1.-L3t, if we assume the Young's modulus of the tuning
12

fork and the fiber to be equal, we could get that both the mass (Am) and the stiffness

(M) contributions the tine frequency mismatch are of the same order of magnitude-

MI K == 3MlI M. Also from Figure 3.3 and the dimensions of the tuning for

(3.5 X 0.6 X 0.25mm) , if we assume the densities of both the fiber and the tuning fork

are the same, we can get:
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AM = M fiber :.-!..- = 2A1 for a 125-J.lm diameter and 4.5-mm long fiber attached to
M M tine 20 f

one of tuning fork's tines, with a measured resonance frequency mismatch AI in our

shear-force mode set-up of750 Hz.

We thus expect (and also measured), from Eq. (2.26 &2.27), a Q factor of 800.

We conc1uded that the reduction in Q (and thus sensitivity) is a result ofthe change in

mass of the tine. A possible method to optimize Q would be by thinning the fiber,

Thus reducing its mass.

3.2.2.2 The Tapping-Mode Configuration

This mode of operation is expected to be less destructive for both tips and samples, as

only minimal normal forces act between tip and surface. It is implemented by placing

a fiber across both tines of a tuning fork but attaching it to only one of them (see

Figure 3.lO(b)). In this configuration, when the deformation of the fiber is induced by

the vibration of the tuning fork, it consists of not only the bending, but also the

stretching/compression of the fiber. M fiber thus inc1udes both a bending force

constant (Mb ) and a stretching/compression force constant (Msc ) , which involves a

far more complicated method for derivation. Ref.[21] derived the resulting formula for

these bending and stretching/compression force constants ofthe fiber [15]:
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where y is the fiber displacement in the plane of tuning fork (when attaching the

fiber to the tuning fork, it will inevitably have a certain degree ofbending, as shown in

Figure 3.1 O(b)). L is the length of the fiber probe tip (from the attaching point to the

end of the tip, ~ 2.5 mm), and d is the fiber diameter. Supposed we have a straight

Ed 2
5

fiber (; «1), Al(fiber =Ksc =L==10 Nlm with a fiber probe tip of 125-J1m

Al(
diameter. This gives fiber == 10, which means that the effective spring constant

K stat

(_1_ = [ 1 + 1 ] = 1 ) of the assembly is dominated
Ktotal K tip (= Al(fiber) Ktuning ( = K stat) Ktuning

fork fork

Mf
by the tine of the tuning fork. Thus, the extra mass loading ( fiber) still dominates

M tine

the decrease of Q factor in tapping-mode.

We conc1uded that in tapping-mode, theQ factor should have a smaller dependency

on the attachment of the fiber probe as in the shear-force mode. However,

experimentally, we have great difficulty obtaining reasonable a Q factor (>200) in the

tapping-mode configuration. This has to be due to the fact that there are other major
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factors which also influence the Q factor; these inc1ude: the position of the gluing

point of the fiber on the tuning fork, the amount of glue used and the natures of

different glues used. AlI of these effects reduce the Qand thus the sensitivity of the

SNOM. A larger minimal force interaction can in many cases lead to destructive

imaging in tapping mode despite the expected benefits when compared to shear force

detection. It has proven difficult to identify and control each factor and thus achieve

tuning fork/probe tip assemblies with reproducible characteristics and high Q factor.

An interesting observation is that the Q factor of shear-force assemblies ranged form

oto 1000, while for tapping-mode they rarely exceeded 400.

Reconsidering Eq.(2.26 & 2.27), one should be able to observe that the unavoidable

mass-Ioading AM (from the fiber probe) can be compensated by changing its spring

constant M. We tried to mount an identical optical fiber onto the other tine to

compensate the different masses between two tines, however the Q factor has not

been improved. The possible reason is that it is not easy to control the amount of the

glue being used to attach the fiber to the tine, so adding equivalent mass to both of the

tines is quite challenging to be achieved. One suggestion for future application is to

modify M byapplying strain to the tuning fork. This changes the effective spring

constant. As a result, one might be able (through careful tuning of the strain) to

compensate for the frequency mismatch 4f between the tines and achieve a

maximum Q.
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The spring constants of our tuning fork/probe tip assemblies are high. Direct force

measurements are thus not feasible if small forces of the order of nN are to be

detected, as they would lead to undetectable small signaIs. AC techniques take

advantage of resonant signal enhancement by a factor Q , leading to the possibility of

detecting interactions that are small enough to be non-destructive.

It is well known in AC AFM that when the probe tip is within tens of nanometers of a

sample surface, the amplitude, phase, and frequency of the probe assembly's vibration

changes due to the interaction forces and force gradients between the fiber tip and the

sample. Any one of the above parameters can be used as a feedback signal for tip­

sample distance feedback control. There are several ways of demodulating the relevant

parameters of the force sensor. One can measure the oscillation amplitude, frequency,

phase or the piezo drive voltage necessary to maintain a constant oscillation

amplitude. We investigated these techniques to find the optimal solution given the

properties of our SNOM probe assemblies.

3.3.1 Lock-in Amplifier

The amplitude and the phase of the vibration of the probe assembly change as a result

of the resonance frequency change. This can be seen from the equation of motion for a

driven damped harmonie oscillator (our probe assembly) which is given by:
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where a(t) = Ao cos(wt +8) .
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(3.1)

From this one can calculate the amplitude and the phase of the probe assembly:

A= Ao(wo /w)
1

[1 +82(~ _ wo )2]2
wo w

and

8 -I[ wow
o = tan 2 2

Q(wo -w )

(3.2)

(3.3)

From Eq.(3.2), the highest sensitivity is obtained at the largest slope; the optimal

drive frequency (w) is thus:

1
w=wo (1+ r;; )=30,035 Hz (in shear-force mode, with resonance frequency of

-v8Q

about 30Hz and Q factor ofabout 350.)

At this drive frequency w, the amplitude and phase changes are related to the force

gradient by the following expressions [22]:

(3.4)

and

(3.5)

Experimentally, one determines the optimal driving frequency w by maximizing an

amplitude change for a given frequency change ~w. The most commonly used
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demodulator to detect the phase and amplitude changes for moderate Q factors is a

lock-in amplifier. The probe assembly is driven with a piezoelectric oscillator at a

fixed frequency w , which is also used as the lock-in reference signal.

3.3.2 Phase-Locked-Loop (PLL)

A Phase-Locked-Loop (PLL) [13,20] can be used to directly monitor either the

resonance frequency shift (force gradient) or the Q factor (dissipation forces), both of

which are influenced by the tip-sample interaction. Dissipative forces are measured by

monitoring the amplitude of the piezo excitation signal necessary to maintain the

amplitude of the oscillation constant when excited at resonance. A phase shifter in the

PLL compensates for time lags (= system phase lags) in order to keep the correct

phase between the driving signal and the response signal. An important part of the

PLL is that the amplitude gain can have both positive and negative values, thus

exciting or damping the probe assembly. This active damping leads to a substantial

reduction in the ring-down time of the oscillation amplitude (given by tresponse =2Q .
Wo

However, in both shear-force mode and tapping-mode, the Q factor rarely exceeds

700. Ring-down times are thus typically 25 ms, which are comparable or smaller than

typical pixel dwell time of 20 ms. Figure 3.11 and Figure 3.12 show the resonance

frequency shift (constant Q mode) and Q factor change (constant frequency mode) of

the probe assembly, respectively. In constant Q mode (Figure 3.11), we assume that
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there is zero additional dissipation energy during imaging. The resonance frequency

shift equation is given as [22]:

t 1

,=(Kstat-F )2Wo ,
mo

assuming F' IS

(3.6)

much smaller than K stat ' which is the case of SNOM

(Kstat =26,000N 1m,F' =10 - 30N 1m from later derivation) and mois the effective

mass.

First order expansion ofEq. (3.6) gives:

, F'
W =w (1---)o 0 ,

2Kstat

Therefore, in theory, if we assume the whole scanning process is in constant Q mode,

we should have a resonance frequency shift of (w~ - W o = 20Hz) for

Ft = 10 - 30N 1m .

In the constant frequency mode (Figure 3.12), the relationship between the oscillation

amplitude A(w) and Q factor is given as:

(3.7)

By monitoring the drive amplitude changes at constant frequency w - w0' one can

extract the change in Q factor.

(3.8)
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dissipation energy (only frequency shifts) or maximum dissipation energy (no

frequency shifts). According to the expected values we derived above, in principle,

one should be able to detect the tip-sample interaction with the given sensitivity of our

PLL. However, SNOM has never successfully been operated in either constant Q

factor mode or constant frequency mode with the PLL as a signal detector. The

probable reasons are:

(1) Noise on the PLL input will reduce the frequency resolution of our PLL.

(2) The frequency shift of 20 Hz derived above is not a large dynamical range and

easily leads to an unstable feedback.

(3) Instead of two extreme cases (Figure 3.11 - no dissipation energy and Figure 3.12

maximum dissipation energy), what' s really happening during the scanning is actually

the mixture of both cases, see Figure 3.13. Therefore, we have a smaller signal in both

channels, which when combined with (1), leads to a SNR that is not useful for stable

feedback.

In conclusion, one needs to improve the SNR of the tuning fork/fiber probe assembly

signal in order to successfully use the PLL as a frequency detector.
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Figure 3.13 Both resonance frequency shlft and Q factor
change are expected for realistic interaction.
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3.4.1 Feedback Distance Control (Force-Distance Curve)
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Images are obtained with feedback control of the tip-sample separation. A crucial

factor determining image quality is the choice of feedback parameters. The set-point

controls the force interaction between tip and surface. A negative set-point voltage

(approximately 85% of the free oscillation amplitude of the probe assembly) is added

to the output signal from the lock-in amplifier (or PLL), and then sent to out main

control unit, a Nanoscope IlIA controller from Digital Instruments. (see Figure 3.14).

To prevent crashing the tip to the sample surface, the feedback reference value has to

be set properly. If the set-point is set below 75% of the free oscillation amplitude, the

tip-sample interaction would be too large, potentially damaging both tip and sampIe. A
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smaller amplitude change than 85% would limit the dynamic range and stability of the

feedback system.

Most of the SNüM groups use a set-point of around 85% of the oscillation amplitude

to have the feedback operation in the real shear-force interaction zone. From this, we

can get the value of force-gradient,

(3.9)

M
where - = 0.15 ,Q = 300 and K stat = 26,000N / m .

Ao

The Nanoscope software sends the amplified output signal ([Signakock-in] + [Set-point

value]) to the Z-piezo of the sample scanner tube to control the tip-sample separation.

When the probe tip is close to the sample surface « 10 nm), the interaction force

between tip and sample reduces the oscillation amplitude ofthe probe assembly, so the

output signal becomes negative, and the sample scanner tube is extended (away from

the tip). When the oscillation amplitude increases, the output signal becomes positive

and the scanner tube is retracted (towards the tip).
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Figure 3.15 Force-Distance Curve for Shear-force mode SNûM

From Figure 3.15, we can see that there are two interaction zones - A and B. In the

first interaction zone (A), the tip is still far away from the sample surface (~ 35 nm);

the sudden drop ofthe amplitude could be due to a surface "contamination" layer [23],

which in the cases ofhydrophilic samp1e surfaces consist ofwater. When the tip is at a

distance within 10 nanometers from the sample surface (zone B), the probe tip starts to

interact with the sample. Point C marks the operation point of the feedback circuit. In

this case, the signal to noise ratio (SNR) is around 70 (0.8 units/0.01143units); the

possible sources for the noise are the input noise of the lock-in amplifier and stray

capacitance. The former noise source is about 96.7 nV (from the lock-in amplifier

manual), which is only 1.6% (96.7nV/6j.lV) of the measured signal amplitude. We thus

conc1ude that the main source of the noise cornes from the variations of the stray
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capacitance. The presently advanced SNR is however sufficient to gives us a distance

resolution ofaround 0.16nm (Ax(1l.25nm» in a tip-sample interaction zone of 11nm.
SNR

3.4.2 Images

In the following, sorne images are shown to examplify sorne of the encountered

problems with shear-force and tapping-mode operations ofthe SNüM tips.

3.4.2.1 Images of CD stamper

Figure 3.16 shows the images of CD stamper taken under (a) SNüM tapping-mode (c)

SNüM shear-force mode and the expected shape ofa CD stamper image taken under

(e) Scanning Electron Microscope (SEM). The SNüM images (a) and (c) were taken

at a scan rate of 0.1 Hz and are comprised of 512x512 data points.

Plots (b) and (d) are the cross-section a10ng the black lines on each image. In the

tapping-mode image (a), we can see the wiggling lines in the whole image; it also

shows in the cross-section plot (b) (the noise of the plot), it is due to the unproper

proportional gain while we scanned the CD stamper. We found it very difficult to

optimize feedback settings of tapping-mode SNüM due to a small phase space for

stable operation.

In the shear-force mode image (c), one observes two identical features appearing right

next to each other, which is the result of a classical artifact: a double tip (see Figure
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3.17). Double tips are difficult to avoid, as the topography is quite rough and feedback

errors can easily lead to shearing off of a fragile glass tip. This often leads to double

tips. The appearance of this type of artifact is easily noticed on a calibration sample,

but can be more difficult to notice on soft samples. We would like to point out that

tapping-mode operation is much less susceptible to fracturing of the SNüM tips.

Fiber probe with double tips

/

.........................:7' Sample surface wi1h sharp feaures

A
Figure 3.17 The double-tip effect on sample topography
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Figure 3.16 (a) The image of CD stamper under Tapping-mode ;with
its cross-section analysis (b)
(c) The image of CD stamper under shear-force mode; with
its cross-section analysis (d)
(e) The image of CD stamper under AFM
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Figure 3.19 The Polystyrene image taken under SEM. From [1]

The polystyrene sample is prepared as the following procedures: deposit the

polystyrene latex microspheres as close-packed monolayer on a glass coverslip then

coat the layer with a thin film of metaL Once the polystyrene is dissolved, a regular

array consisting of sub-micron sized metal triangles remains on the coverslip. It shows

hexagonal symmetry. The spheres between them are one micron in diameter [14].

Figure 3.18 shows the close-packed monolayer of polystyrene microspheres image

taken under the SEM; it shows hexagonal symmetry.

Figure 3.19 is the polystyrene image taken under shear-force SNOM for three different

scan sizes of (a) 5.99jlm (b) lO.5jlm (c) 20.0jlm. Figure 3.20 is the same polystyrene

sample taken under tapping-mode SNOM for scan sizes of (a) l2.8jlm and (b) 20jlm.

Both of the tapping-mode and shear-force mode images show the hexagonal symmetry

(see the drawn hexagon on each image).
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o 5.99 PM

o 10.5 PM

o 20.0 PM

Figure 3.19 Polystyrene images under shear-force mode ofthree different scan size
(a) 5.99 (b) 10.5 (c) 20.0
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o 12.8 JlM

o 20.0 JlM

Figure 3.20 Polystyrene images taken under tapping-mode oftwo different sizes
(a) 12.8 (b) 20.0
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In the images taken under both operation modes, round blobs were imaged instead of

sharp triangles. However, they do exhibit the correct hexagonal symmetry, so it is

evident that a blunt tip was used. Figure 3.21 explains how a blunt tip affects the sharp

features of sample topography.

__ Probewithablunttip
~-~

-ii\ // Stupleatureina
IIk'~ sampletopograpt"r{

k' _

Figure 3.21 The effect of a blunt tip scans over a sharp feature

ofa sample surface

In the tapping-mode images, although the hexagonal symmetry was still shown, it is

much less weIl defined as compared to its shear-force counterparts. We attribute this to

a frequent loss of the feedback signal when tracking the sample surface. The tip then

just oscillates freely, not measuring any tip-sample interactions until the feedback

"finds" the surface again. We finds that the small dynamical range of the feedback

system of tapping-mode is a major limitation of using this method for tip-sample

distance control. The small Q factor of tapping-mode, which rarely exceeds 400

(these two images were taken under Q factor of a value of < 200), leads to a poor

sensitivity and signal to noise ratio (SNR), both of which do not help the stable

feedback operations.
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CD stamper and Polystyrene images were taken under tapping-mode and shear-force

mode SNOM. In comparison to the images of Scanning Electron Microscope (SEM),

they show the same symmetry. In most of the images, artifacts were encountered; it

was a result of the convolution of a blunt probe tip with the sarnple as well as the

feedback settings, which cause the stable operations eXtreme difficult.

As far as the images were concerned, we concluded that the implementation of

tapping-mode SNOM would provide an alternative operation mode if more stable

feedback operation can be implemented. This can only be achieved if the input signal

SNR is increased. The most dominated factor is to improve the Q factor of the tuning

fork/probe tip assembly.

Tapping-mode SNOM is not yet ready for routine operations; difficulties were

occurred during the tapping-mode scanning. As a result, not many successful images

were taken, which leads to insufficient information for more thorough data analyzing.

By optimizing aH the parameters affecting the operations, one will expect a more

stable and routine operation for acquiring more qualifying images. A further

investigation will then be made possible to enable one to have a successful tapping­

mode implementation.



Chapter4

Conclusion and Outlook

Scanning Near-Field Optical Microscopy (SNOM) is an excellent tool to optically

investigate surface properties beyond the classical limit, and it is in principle suitable

for application in the life sciences. The use of force feedback in SNOM allows one to

obtain additional information about the sample surface. It also allows for the

simultaneous acquisition of topographical and optical images. The essential elements

of a force-detection system are a quartz tuning fork and an optical fiber probe. The

tuning fork acts as a force sensor, while the fiber probe tip acts as a force pick-up and

defines the optical near-field aperture.

For this project, tapping-mode feedback is implemented and investigated. Those

factors which influence the performance of tapping-mode SNOM and make the

routine operation very challenging were discussed. In summary, we conclude that:

1. The implementation of tapping-mode:

The implementation of tapping-mode is challenging due to the easy and not weIl

understood reduction of the mechanical Q factor of the tuning fork/probe tip

assembly configuration (Section 3.2) [18], and to the necessary confined

geometrically configuration of the SNOM setup [14].

50
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1.1 The comparable dimensions of the tuning fork and the fiber probe makes the

gluing tedious and difficult [24]; different glues used were strongly affecting the

coupling between the tuning fork and the fiber probe as weIl as the

reproducibility of the gluing itself.

2. In the tuning fork/probe assembly, the unavoidable mass loading (fiber probe and

the excess of glue used) breaks the symmetry of tuning fork's two tines, which

dramaticaIly reduces the Q factor and consequently affects the sensitivity of the

operation.

3. Stray capacitance of the tuning fork [25] and external electronic devices reduce

SNR of the feedback input signal.

4. The difficulty of adjusting suitable feedback parameter settings, due to the small

dynamic range aIlowing stable feedback operations, can be observed from the CD

stamper and Polystyrene images taken under tapping-mode SNOM.

To sum up, in principle, SNOM under tapping-mode is expected to generate better

sensitivity and stability. Almost no lateral force involved during operation greatly

reduces the chance of damaging both the probe tip and the sample surface, which is

essential for biological and soft samples. However, among aIl the factor which degrade

the performance of tapping-mode SNOM, it is not easy to investigate each one of them

without affecting the rest. The applicability of living ceIls in tapping-mode under

current SNOM condition is not yet practical as the contact of probe assembly to the

aqueous solution will further degrade the Q factor.

Future investigations should be focused on the improvement of the signal to noise

ratio (SNR) of the tuning fork/probe tip assembly signal. This can be done by the
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following methods: (a) Investigate the origin of the reduced Q factor in the tapping­

mode compared to the shear-force assemblies. Remember that theoretically both

tapping-mode and shear-force mode probe assemblies should show the same reduction

in Q factor. Empirically, tapping-mode assembly leads to inferior Q factor. (b) An

implementation of a pre-amplifier close to the probe assembly to enhance the signal

(c) Using the piezoelectric tuning fork as a oscillator by building a I-V converter box

[25] which directly drives the tuning fork with a resonance voltage and the induced

CUITent can be measured. This can remove the need of an additional piezoelectric

oscillator; thus reduce the external stray compacitance. (d) Placing the whole probe

assembly into a vacuum environment (many other microscopes are operated under

vacuum condition) to further reduce the external influence.

By improving the SNR of the probe assembly, it will allow successful implementation

of a PLL, with which one can further investigate the origin of tip-sample interaction

force. Better SNR will also make stable feedback control possible.
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