
Development of a novel
scanning near field

microscope with a facility of
simultaneous shear stress

measurement

A thesis submitted towards partial fulfilment of
BS-MS Dual Degree Programme

by

AJITH V J

under the guidance of

DR. SHIVPRASAD PATIL

ASSOCIATE PROFESSOR

Indian Institute of Science Education and Research
Pune



Certificate

This is to certify that this thesis entitled ”Development of a novel
scanning near field microscope with a facility of simultaneous
shear stress measurement” submitted towards the partial fulfilment
of the BS-MS dual degree programme at the Indian Institute of Science
Education and Research Pune represents original research carried out by
”AJITH V J” at ”INDIAN INSTITUTE OF SCIENCE EDUCATION AND
RESEARCH, PUNE”, under the supervision of ”DR.SHIVPRASAD PATIL”
during the academic year 2014-2015.

Student
ajith v j

Supervisor
dr. shivprasad

patil



Declaration

I hereby declare that the matter embodied in the report entitled "Develop-
ment of a novel scanning near field microscope with a facility
of simultaneous shear stress measurement" are the results of the in-
vestigations carried out by me at the Department of Physics, Indian Institute
of Science Education Research Pune, under the supervision of Dr.Shivprasad
Patil and the same has not been submitted elsewhere for any other degree.

Student
Ajith V J

Supervisor
Dr. Shivprasad

patil



Acknowledgements

First I would like to thank my supervisor Dr. Shivprasad Patil. Thank you
for giving me this project. Discussions with him where always encouraging
and exciting. So a special thanks goes for him. I would like to thank all the
past and present lab members of Nanomechanics lab of IISER Pune, espe-
cially Dr. A V R Murthy and Amandeep Sekhon for their guidance and help
My thesis expert Dr. G V Pavan Kumar was always excited about my work.
His excitement and the discussions we had with him were a motivation for
me. Thank you, Pavan sir. Whenever I had some problems or requirements
with electronics or other hardware, I found Nilesh Dumbre resourceful and
helpful. Nilesh, thank you very much. I also thank Anil Prathamshetti for
helping with FSEM imaging and Prashant Kale for the guidance in elec-
tronics. I believe that what I was able to do in this final year was because
of the training I received from my semester projects, done in my third and
fourth year of BS-MS. A special thanks to Dr. Surjeeth Singh who intro-
duced me to research in my third year. The project I did under him taught
me to do disciplined and systematic research. Also I want to thank my se-
niors Amartya Singh, MD. Noaman and senior PhD, Koushik Karmaker with
whom I worked in my first research project. At that time they acted as ideal
researchers for me, to see and learn.
I am also extending my gratitude to people at OIM and Texture Lab of IIT
Mumbai for providing FIB facility.
I thank all my friends who made my final year a memorable one. Then my
parents and my brother...I don’t know how to thank them, thank you for the
continuous support, trust and prayers.



Abstract

This project is about building a near-field optical microscope which can si-
multaneously measure evanescent fields as well as lateral shear forces. Possi-
bility of quantify the lateral shear forces through a special q-plus arrangement
using a theoretical model from Manhee et al. and simultaneously measure
evanescent field make this instrument unique.
This instrument is built mainly to study water in between two surfaces sep-
arated by nanometers. We know very little about this nano-confined water.
In-order to get a clear molecular picture of confined water we can look at
the diffusion coefficient of a particle through it. By measuring the intensity
fluctuations of the light from a fluorescent molecule in this confined water,
we can measure it’s diffusion coefficient. This instrument can do such a mea-
surement along with measuring mechanical shear response forces.
The instrument uses a tuning fork as the force sensor and a special optical
probe for sensing near field light. The optical probe is a tapered optical fibre
with 100 nm aluminium coat everywhere except at the tip. In this project
along with these optical probes necessary electronics like PI feedback con-
troller, high voltage amplifiers were made. For making optical probes, first
a fibre pulling method is optimised and an aluminium coating process is op-
timised. A probe holder is designed and tuning fork with optical probe is
attached on it. A separate piezo-tube assembly is made for the actuation of
this probe. Few LabVEW programs are written to automate this assembly
and electronics. These programs are tested and optimised. Also an optical
set-up is assembled to illuminate the sample with evanescent field.
There was some delay in getting FIB facility to prepare optical probe. But at
the end we managed make those probes. Now the instrument works like an
AFM and obtained some AFM images. The images shows that the motion
control and LabVIEW programs are working as expected. The optical probe
will be attached with PMT to finish the instrument.
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Chapter 1

Introduction

This chapter provides an introduction to the purpose and design of the instru-
ment developed. Along with the motivation it will discuss some its unique
features .

1.1 The history

We humans always find it easy to accept and believe things which we see in
front our eyes rather than things we don’t see. For instance, before telescopes
people used to believe that earth as the centre of the universe and every-
thing revolves around earth. And invention of microscope gave a tremen-
dous boost in the development of science, especially in biology and material
science. These inventions gave motivation to develop new technologies to
see things with better resolution. In late 19th century, Abbe and Rayleigh
showed there is a limitation in improving the resolution of normal optical
microscopy. The minimum separation one can detect is around λ/2. Then
efforts were made to push this limitation. In 1928 Synge [1] proposed the idea
of a scanning near field optical microscope. According to his idea an image
can be constructed by scanning a sample with a small aperture and recording
the intensity of light through the aperture. And the resolution is limited by
the aperture dimension. When the aperture is smaller than the wavelength
of light used for illumination, then only a near field component will pass
through the aperture. So we can call this kind of microscopes as "near-field
scanning optical microscopes(NSOM). But precise actuation techniques were
not yet available then. In 1956 O’Keefe proposed similar idea of Synge[2],
but still the problem of actuation was unresolved. At the end of his paper
O’Keefe mentions: "The realisation of this proposal is rather remote, because
of the difficulty of providing for relative motion between the pinhole and the
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object, when the object must be brought so close to the pinhole.". This
concept of scanning with an aperture was first realised in 1972 by Ash and
Nichols using microwaves(λ = 10cm) and obtained a resolution of λ/60[3].
In the same year,1972, Russell Young, John Ward and Fredric made a Micro-
topographer, a scanning probe profiler which used piezo electric actuators[4].
In 1982, scanning tunnelling microscope(STM)[5] was invented by Binning
et al. which was the first scanning probe microscope to achieve atomic res-
olution. Now the precise actuation was available and NSOM was realised
by Pohl et al. [6]and Lewis et al.[7] simultaneously in 1984. In the mean
time, Atomic Force Microscope(AFM) was built by Binning et al. [8]. Later
Betzig et al. further developed and applied NSOM[9, 10, 11] to study vari-
ous things like optical spectroscopy of quantum wire structures. The NSOM
offers an unique capability of optical access to zepto-liter volume, of the or-
der of 10−18 to 10−20 liters. This provides an excelent opertunity to perform
optical spectroscopy on such volumes.

1.2 Our motivation

Our instrument is built mainly for doing experiments on nano-confined wa-
ter. Nano-confined water means the water between two flat surfaces which
are separated by a few nano-meters, which is of the order of water molecule
size.
Water, as we all know is the important factor for life in Earth. If you look
at the basic building blocks of life, the cells, it’s main constituent is water.
Most of the cell processes and molecular machines (eg: intermembrane-ion-
chanels) in cells works in nano-volumes of water. In-order to study these
molecular machines, first we should have a clear physical picture, how nano-
volumes of water behaves? Will it behave like bulk water? Is the viscosity
of nano-volumes of water different from bulk water? These are some of the
interesting questions people are currently working on. People use Surface
Force Apparatus(SFA)[12, 13, 14] or AFM[15, 16] to study nano-volumes of
water. Unfortunately, we still don’t have a clear understanding of nanocon-
fined water[17]. AFM studies on confined water indicates a viscoelastic
behaviour[16] while studies done on SFA shows confined water to have same
behaviour as bulk water[14]. But SFA studies on non-polar liquids like OM-
CTS(Octamethylcyclotetrasiloxane) did show viscoelastic behaviour[12, 13].
In order to explain these behaviours we should have a clear molecular picture
of these confined liquids.
One way to understand the molecular picture of confined liquids is to mea-
sure diffusion coefficient of some fluorescent dye moving through the confined
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liquid. A shear force AFM can be used to measure mechanical properties of
water [18, 16]. Along with that if we can pass light through the confined
liquids and measure the intensity fluctuations as a dye move through the
confined liquid, we can measure diffusion coefficient. A NSOM with shear
force measurement capability can do such a measurement.
One interesting conjucture[16] proposed by our labouratory from the cur-
rent mechanical measurements is that on confinement water spontaneously
arrange themselfs in confined volume like solid and this transition is like a
phase transition. If it is like second order phase transition then on confine-
ment it should show a critical opalescence, which could be detected with an
NSOM.

1.3 The instrument
The reports of AFM with quartz tuning fork as the force sensor exsist in
literature. Such an AFM achieved atomic resolution[19]. Most of the NSOM
available today use quartz tuning fork as a force sensor and use it only in
feedback mechanism to keep the NSOM tip at a constant separation from
sample.The prime difficulty with quartz tuning fork is, being a non-linear
oscillator, quantification of force from its signal is not a trivial task. Re-
cently there are some theoretical models which allow to do quantitative force
measurements with tuning forks[20, 18] for q-plus arrangement of tuning
fork[21].(Details of this theory is given in chapter 2).Our instrument will be
the first one which incorporates this theory in an NSOM, along with optical
measurements for molecular mobility

Using this instrument we will be able to do force measurement along with
near-field detection. That is the unique feature of this instrument.
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Chapter 2

Theory

This chapter describes the basic theory which helps us to understand the
working of the instrument and data interpretation. The chapter first dis-
cusses a theoretical model for quantitative estimation of forces from a quartz-
tuning fork based force sensor. Then a basic introduction to evanascent field
is given. The chapter ends with a discussion of the phenomenon on which
the nearfeild optical microscopes are based, which is called furstrated total
internal reflection.

2.1 Quntative force measurment from quartz-
tuning fork.

Drive 
Piezo Quartz 

tuning 
fork

A
o
, ω

Optical 
fibre tip

Figure 2.1: Q-plus arangement[21] . Quartz tuning fork as force sensor
in q-plus arrangement.
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The instrument uses quartz tuning fork in q-plus[21] arrangement as the
force sensor which gives a current output proportional to the differential
bending between the prongs of the tuning fork. The q-plus arrangement
with mechanical drive is given in figure 2.1.

In this arrangement one prong of the tuning fork is attached to the drive
piezo which is attached to a stationary base and the other prong is free to
oscillate with the tip. The tip is allowed to interact with the sample. Using
the drive piezo, the tuning fork is oscillated in a frequency ω and amplitude
A. If k is the equivalent spring constant of the tuning fork, b is the damping
coefficient and x is the displacement of the tip, then equation of motion for
the tip can be written as:

mẍ+ bẋ+ kx = F cos(ωt) + Fint (2.1)

x(t) = A sin(ωt+ θ) is a solution for this equation.
Equation 2.1 can be rearranged as :

Fint = mẍ+ bẋ+ kx− F cos(ωt)

= mẍ+ bẋ+ kx− F cos(ωt+ θ − θ)
= mẍ+ bẋ+ kx− F sin(ωt+ θ) sin(θ)− F cos(ωt+ θ) cos(θ)

= mẍ+ bẋ+ kx− F

A
A sin(ωt+ θ) sin(θ)− F

Aω
Aω cos(ωt+ θ) cos(θ)

= mẍ+ bẋ+ kx− F

A
x sin(θ)− F

Aω
ẋ cos(θ) here ẍ = ω2x

= (mω2 + k − F

A
sin(θ))x+ (b− F

Aω
cos(θ))ẋ

= −kintx− bintẋ (2.2)

where, kint = −mω2 − k + F

A
sin(θ) (2.3)

bint = −b+
F

Aω
cos(θ) (2.4)

Where, m,b and F can be calculated from the experimental parameters [20].

m =
k

ω2
0

here, ω0 is the resonance frequency of the tuning fork. (2.5)

b =
k

Qω0

here, Q is the quality factor of the tuning fork. (2.6)

F =
kA0

Q
here, A0 is the resonance amplitude. (2.7)
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Thus from the experiment we will be able to calculate kint and bint which tell
us the contribution of elastic and disipative forces in the interaction force.

2.2 Electromagnetic wave on dielectric inter-
face

Behaviour of Electromagnetic waves(EM waves) on the interface between
two dielectric can be explained using Maxwell’s equations and its boundary
conditions.

2.2.1 Maxwell’s equations

Maxwell’s equation on a dielectric medium without any embedded charges
or current can be written as:

∇.D = 0

∇× E = −∂B
∂t

∇.B = 0

∇×H =
∂D

∂t


(2.8)

Where, for a linear medium

D = εE

H =
1

µ
B

2.2.2 Total internal reflection and Evanescent waves

When an electromagnetic wave encounter a discontinuity in dielectric medium,
at the interface of the discontinuity, the wave is split into a transmitted and a
reflected wave. The angle of the transmitted wave θt with respect to normal
of the interface is given by Snell’s law. Here, interface is between medium 1
and 2 and they have n1 =

√
ε1µ1 and n2 =

√
ε2µ2 as there refractive indices.

and θi is the angle of incidence.

sin(θi)

sin(θt)
=
n2

n1

(2.9)
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With respect to incident plane(the plane which contain incident ray and nor-
mal), we can resolve the electric field into two polarisations one perpendicular(E⊥)
to incident plane and another parallel(E‖) to incident plane as well as per-
pendicular to propagation vector(k). Any polarisation can be decomposed
to these two polarisations.

Θ
i
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y
z

Θ
r

Θ
i

Θ
t

E┴
i

E┴
r

E┴
t

k
i

k
r

k
t

(a) E perpendicular to incident plane

Θ
i

Θ
r

Θ
i

Θ
t

E║
i

E║
r

E║
t

k
i

k
r

k
t

(b) E parallel to incident plane

(2) (2)

(1)(1)

Figure 2.2: Interface between dielectric media. Electromagnetic wave
travelling through an interface between two dielectric media

The amplitudes of the transmitted and reflected waves are given by the
Fresnel coefficients. Let Ei,Er and Et respectively be the incident, reflected
and transmited amplitudes. Then for both polarisations we can write:

E⊥r = E⊥i ×R⊥ (2.10)
E⊥t = E⊥i × T ⊥ (2.11)

E‖r = E
‖
i ×R‖ (2.12)

E
‖
t = E

‖
i × T ‖ (2.13)

where R⊥,T ⊥,R‖ and T ‖ are the Fresnel coefficients. They are given
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by[22]:

R⊥ =
cos θi − nr cos θr
cos θi + nr cos θr

where nr =
n2

n1

(2.14)

T ⊥ =
2 cos θi

cos θi + nr cos θr
(2.15)

R‖ = cos θr − nr cos θi
cos θr + nr cos θi

(2.16)

T ‖ = 2 cos θr
cos θr + nr cos θi

(2.17)

The electric field in medium 2 can be written in x,y and z co-ordinates
as :

E2 =

−E‖1T ‖ sin θtE⊥1 T ⊥

E
‖
1T ‖ cos θt

 e−i(k2.r−ωt) (2.18)

Since due to boundary conditions kx and ky will not change in medium 1 and
2. So we can write:

kz2 =
√
k22 − (k2x + k2y) but

√
k2x + k2y = k1 sin θi

=
√
k22 − k21 sin2 θi

= k2

√
1− (

k1
k2

)2 sin2 θi but k =
ω

v
so

k1
k2

=
v2
v1

=
n1

n2

= k2

√
1− (

n1

n2

)2 sin2 θi (2.19)

Now assume n1 > n2 then n1

n2
is a quantity greaterthan one. At a certain

angle of incidence θi = θc the transmission angle θt = π
2
. This angle of

incidence is called critical angle. At critical angle we have:√
1− (

n1

n2

)2 sin2 θc = 0 since
n1

n2

=
1

sinθc
from snell’s law (2.20)

So above critical angle kz2 (equation 2.20) is complex. The equation 2.18
can be rewritten as:

E2 =

−E‖1T ‖ sin θtE⊥1 T ⊥

E
‖
1T ‖ cos θt

 e−i(xkx+yky−ωt)e−γz where γ = k2

√
(
n1

n2

)2 sin2 θc − 1

(2.21)
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This equation tells that, the wave propagate only along the interface not
along z. Along z the wave is not propagating and it is just oscillation in
time and dies off exponentially along z. This exponentially decaying wave is
called evanescent wave or near field. When angle of incidence is critical
angle or above critical angle an evanescent field is created in medium 2 and
most of the wave is reflected back in medium 1. This is called total internal
reflection.

2.3 Frustrated total internal reflection or Op-
tical tunnelling

Frustrated total internal reflection is considered to be an optical analog of
quantum mechanical tunnelling effect[22]. Consider a third medium above
the medium 2 in the previous system of two media such that n1 > n3 > n2.
And θi > θc, thus an evanescent field is created in medium 2. When the
medium 3 is sufficiently close to interface of medium 1 and 2. Then evanes-
cent field interact with medium 3 and a far-field light is propagated through
the medium 3[23]. This phenomenon is called frustrated total internal re-
flection or optical tunnelling. This concept is utilised in super-resolution
microscope called Near-field Scanning Optical Microscope(NSOM).

Thus we can measure forces form the tunning fork with tip and can use same
optical fibre tip to collect near field light through frustrated total internal
reflection. That’s the basic theory for the instrument.
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Chapter 3

Methods

The experimental set-up is a combination of atomic force microscope(AFM)
and a near-field scanning optical microscope(NSOM). Here AFM senses lat-
eral shear forces using a quartz tuning fork. And NSOM works by far-field
illumination and near-field detection. The sample is illuminated by near-
field light and a far-field light is detected from small glass optical aperture
which can scan over the sample. Basic schematic of the experimental set-up
is shown in the figure 3.1.

Here we have a piezo electric quartz tuning fork with its one leg attached
to a drive piezo and the other leg to an aluminium-coated, tapered opti-
cal fibre(Q-plus arrangement [21] ). Using the drive piezo, tuning fork is
oscillated at its resonance frequency. the oscillations produces differential
bending between the legs of tuning fork. Thus a strain is developed in tun-
ing fork prongs. As the tuning fork is piezoelectric, strain leads to generation
of current. This current is of the order of nano-amperes, so we have to use
a pre-amplifier with a large gain (107I/V ). The magnitude of this current
decreases when the attached fibre-tip brought sufficiently close to the glass
surface with sample. This reduction in the current is due to the tip-sample-
surface interaction is acting as the drag force for the oscillation of tuning fork.
Thus the current from tuning fork is a measure of the tip’s interaction forces.
The root-mean-square value of current amplitude along with its phase with
respect to drive is measured using a lock-in amplifier. By using a suitable
conversion method described in chapter 2, one can relate measured ampli-
tude and phase to shear force experienced by the tip. This is how we can
sense forces. By driving the tuning fork at very low off-resonance frequency
we can even quantify the sensed force and can calculate the viscosity of the
sample [18, 16].
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Computer
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Drive piezo with 
Tuning fork
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Reference

Figure 3.1: Basic schematic of the set-up. This is the basic schematic of
the experimental set-up

The fibre tip have 100nm thick aluminium coating everywhere except at
the extreme end of the tip, thus we have an aperture at the tip. Depending
on the sharpness of the fibre tip, the aperture size varies and typical aper-
ture diameter is around 100nm. This aperture is positioned over the sample
taken over glass cover slip. Below the cover-slip an oil immersion-objective
with high numerical aperture(1.6 N.A.) is kept. And an optical arrangement
is done such that total internal reflection happens at glass-sample interface.
This total internal reflection makes a non-propagating evanescent light on
the side of the optical fibre tip. And this evanescent wave interact with
sample and aperture at the tip and results a frustrated total internal reflec-
tion/optical tunnelling. Due to this, far-field light is obtained at the other
end of the fibre and is collected using a Photo-Multiplier Tube(PMT). This
is our optical signal
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3.1 Building the experimental set-up

3.1.1 Optical fibre probe

Optical fibre probe is a tapered optical fibre with aluminium coating every-
where except at the extreme tip.

Step1: Making a tip out of optical fibre
Fibre tips are made using micro-pipette puller(Shutter P2000). The bare
optical fibre(Thor labs 460HP) used has 125µm in diameter. In order to
make a tip, the fibre is loaded on a micro-pipette puller and fixed under a
tension. Then a CO2 laser is focused on the fibre and it start melting. Since
the fibre is under a tension, when melting happens, fibre elongates and forms
an elongated hourglass structure at the focus. As it elongates, it will cross a
prescribed velocity. Then the laser is turned off and a hard pull is initiated.
Due to this hard pull, fibre breaks and a tapered region is formed at the
broken end. This is our fibre tip. A basic schematic of the set-up is given in
figure 3.2

The parameters to set in the pulling instrument are the following:

mgmg Solenoid for 
hard pull 

Solenoid for 
hard pull 

Focused 
laser spot

Optical fibre

Figure 3.2: Fibre Puller. This is the schematic of the fibre puller

1. Heat
This parameter sets the power of the laser. We can set the power in a
scale of 0 to 999, such that 999 set the maximum power of the laser,
that is 20W.

2. Filament
By setting this parameter to some value between 0 to 15 sets the scan

14



length of the laser spot or the effective length to be exposed by the
laser. In this scale 0 means 1mm.

3. Velocity
This is the set-point velocity to be reached to initiate the hard pull.
Values are given from a scale of 0 to 255. The values are proportional
to the millivolts generated in the transducer detecting velocity.

4. Pull
This sets the force for the hard pull. The parameter determine how
much current to be provided for the solenoid to do the hard pull. The
permissible current range is scaled to integers from 0 to 255.

5. Delay
This indicates in milliseconds when to turn off laser. Values can range
from 0 to 255. And time is measured with respect to hard-pull initiation
and that instant is offsetted with value 128ms. So if we want to turn
off laser xms before the hard pull, then the parameter will be 128− x
and if it is xms after hard pull then 128 + x.

These parameters are optimised to give tips with tip diameter approximately
50 to 60 nm. The optimized parameters are given in table 3.1

Heat Filament Velocity Delay Pull
350 0 18 126 150

Table 3.1: Optimized parameters for fibre puller

An FSEM image of typical fibre without any coating is shown in figure 3.4

Step2: Coating the fibre tip with aluminium
The fibre tip is coated with aluminium using a RF-Sputter coating set-up
3.3. While coating, fibre is kept perpendicular to the aluminium beam and
is rotated along the fibre axis. A schematic drawing of the set-up is given
in figure 3.3. Since the coating set-up doesn’t has any thickness monitoring
system, parameters of coating system is optimized to give 100 to 150 nm coat
over fibre.

Optimisation of coating system
Main parameters to optimise are RF power, argon pressure and coating time.
This is done by coating a thin long glass cover slip at the place of fibre. After
coating the coating thickness is masured using an AFM. Coating thickness is
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Rf Power Generator

Shutter Pump

Turbo Pump

Rotating 
holder

Matching
 Circuit

Ar gas in

Cold water in

hot water out

P ~ 3 – 4.5 x 10-3 mbarSputter 
target

Fibre tip Vent

Figure 3.3: RF-Sputter coating set-up. This is a schematic drawing of
the RF-Sputter coating set-up

obtained from the step height of the coated region with respect to uncoated
region. And uncoated region is obtained by masking some area of the cover
slip with scotch tape before coating and removing it after coating. The opti-
mised parameters of the coating set-up to give 100 to 150nm is given in table
3.2.

Rf Power 80W
Pressure 3 to 4.5 ∗ 10−3mbar

Time of coating 60 min

Table 3.2: Optimized parameters for RF-coating set-up

A typical coated fibre tip is shown in figure 3.5.
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Figure 3.4: Bare fibre tip. This is a FSEM image of typical fibre without
any coating and have tip diameter 58.33nm.

Figure 3.5: Aluminium coated fibre tip. This is a FSEM image of an
aluminium coated fibretip. After coating tip diameter is 260 to 350nm.

Step3: Obtaining an optical aperture at the tip
The required optical fibre probe should not have coating at the extreme tip.
The coating at the extreme tip can be removed from a fully coated fibre by
the use of Focused Ion Beam(FIB) microscope[24]. Using a focused ion beam
one can slice out the coating from the end of the tip. This slicing is done by
placing the coated fibre tip perpendicular to gallium ion beam(30kV, 0.10nA).
After slicing a glass aperture with 200 to 300 nm diameter is exposed at the
tip end. A coated fibre after slicing is shown in figure.
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Figure 3.6: FIB sliced-Aluminium coated fibre tip. This is a FSEM
image of an aluminium coated fibre tip after slicing the tip end with FIB.

3.1.2 XYZ Actuation

Leaf Spring

Glass tube Hammer Piezo

Steel Disc

Scanner Piezo

Figure 3.7: Piezo tube assembly for XYZ motion. This is the piezo
tube assembly which is used for the x,y and z motion of the probe
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The X,Y and Z motion is achieved using piezo electric tubes[18, 25]. Coarse
Z movement is achieved using a hammer piezo and fine movement in X,Y and
Z is done using a scanner piezo. An actual piezo assembly for these motion
is shown in figure 3.7.

Coarse movement in Z: Inertial Sliding Mechanism
Coarse movement in Z is achieved using hammer piezo. And inertial sliding
is the mechanism with which it works.
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Figure 3.8: Coarse motion in Z. Coarse motion in Z is done using inertial
sliding mechanism

The figure 3.8 illustrates how coarse movement in z is achieved using
inertial sliding mechanism. In the piezo assembly(figure 3.7) one end of the
hammer piezo tube is attached to a steel disc and another to an aluminium
disc. And to the other side of this aluminium disc a glass tube is attached.
Whole assembly is held in place by a leaf spring, pressing over this glass tube.
As shown in figure 3.8, as we slowly increase voltage applied to hammer piezo,
the hammer piezo elongates, keeping the glass tube in same position. But
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when the voltage suddenly drops, hammer piezo regains its original length.
While it contracts back its original length, as the steel plate attached to one
end of hammer piezo have more inertia than the other end, it pulls down
the glass tube. Thus whole assembly slides down a small step dz along z. If
we apply an opposite pulse to the hammer piezo, then the whole assembly
moves in the opposite direction.

X,Y, Z fine motion
Fine motion in x, y and z is done using a scanner piezo. The scanner piezo
have one common ground connected to inner surface of the tube and four
symmetric electrodes along the outer surface.(figure 3.9)

X

Y

z-x

Top  View

z+xz+x z-x

z+y

z-y

Side  View

Figure 3.9: Scanner tube piezo.

Fine motion in z is achieved by giving a z voltage to all four electrodes
on outside surface of scanner piezo. Depending in the sign of the z voltage,
the scanner tube either elongated or contracts.
For x, y motion along with the z voltage, specific voltages are given to in-
dividual electrodes on the outer surface. Electrodes along x and y direction
gets equal and opposite voltages along with z voltage. So for electrodes along
x will receive z+x and z-x voltages and along y it is z+y and z-y.
For movement along x axis, when electrodes along x axis receives z+x and
z-x voltages, the side which receives more voltage than the other will elongate
and the other side will shorten. Thus it result a slight bending in scanner
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tube and one end of the tube is displaced along x with respect to the other
end. This bending will not give rise to any detectable angle. Because the
bending here gives only a few µm displacements and length of the tube is
3cm.
Similarly we get y motion and combination of x,y and z motion.

3.1.3 Probe assembly

In-order to fix the tuning fork assembly to the scanner piezo a probe holder
base and a probe holder has been designed.Tuning fork along with dive piezo
and fibre tip is fixed on the probe holder(figure 3.10).

Scanner Piezo

Probe holder base

Probe holder

Fibre tip

Plastic insulator

Drive Piezo

Ceramic block

Quartz tuning fork

Figure 3.10: Probe assembly.This figure shows how tuning fork with drive
piezo and fibre tip is attached to scanner piezo

3.1.4 Optical assembly

The ray diagram of the optical set-up is given in figure 3.11.
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The main aim of the optical set-up is to get total internal reflection at the
interface of cover slip and sample/water, collect the near-field light created
and detect it with PMT. The main components in the optical set-up are :

• Laser source (coherent, 532nm)

• Beam expander (telescopic arrangement)

• Converging lens(concave lens, f=300mm)

• High N.A objective (Olympus,Oil immersion,60x, N.A =1.6)

• Near-field optical probe

• PMT (HAMAMATSU H9307-02)

Vertical  
assembly PMT

Mirror 3
Mirror 2

Mirror 1

Mirror 5
Mirror 4

Iris
Convex lens f=250mm

Convex lens f=25mm

Laser source 532nm

Vertical  assembly

Convex lens f=300mm

Mirror 5Mirror 6

PMT

objective

Cover slip

Optical-
fibre tip

Figure 3.11: Ray diagram for optical set-up.

With the help of mirrors all these components are compactly arranged on
an optical bread-board. These are aligned to get total internal reflection at
the interface of cover slip and sample/water. Such an arrangement without
PMT and optical probe is shown in figure 3.12
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Figure 3.12: Optical set-up without PMT.

3.1.5 Electronics

The schematics of the basic electronics set-up is shown in figure 3.13

Pre-amplifier signal from tuning-fork will vary with z-position of fibre tip,
provided fibre tip is sufficiently close to glass slide. Since the tuning-fork is
oscillated with a drive piezo, the signal from tuning fork is amplitude modu-
lated. And signal is demodulated using AD630 IC. This signal is given to PI
Controller to compare with a reference voltage and provide a voltage output
to scanner piezo so that, signal and reference match. Using the relay-1 we
can switch the source of z-voltage between computer and PI Controller. But
this switching from PI controller to computer or vice versa will give a mo-
mentarily zero voltage a z-voltage. This is avoided by the use of a capacitor.
This capacitor will be charged to the same z-voltage before switching and it
will provide this voltage at the time of switching. Connection of capacitor is
controlled by relay 2, and it is connected only for small interval which over-
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Figure 3.13: Schematics of basic electronics set-up. This is the schemat-
ics of basic electronics set-up required

lap the switching process. This z-voltage along with x and y voltages from
computer are given to electronic circuits to perform arithmetic operations
and obtain four different voltages z+x, z-x, z+y and z-y, since scanner piezo
require these voltages. These voltages are amplified using High Voltage(HV)
Amplifiers and feed to scanner piezo.

1. Demodulator
Demodulator is made using AD630 IC as per the circuit diagram given in data
sheet for AD630 from ’Analog Devices’. Same circuit diagram is reproduced
as figure 3.14.
Demodulator circuit is tested with 30Khz sine wave. This frequency is chosen
because, the signal from tuning fork will have a similar frequency. Here in
the testing modulation input and carrier input are the same sine wave. This
circuit converts an AC signal to some DC amplitude which is proportional
to the peak to peak voltage of the signal.

24



Figure 3.14: Circuit diagram of demodulator.This is the circuit diagram
for demodulator (image source: data sheet of AD630 from Analog Devices)
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Figure 3.15: Testing demodulator.This is the demodulator output when
same 30Khz sine wave is given as modulation and carrier inputs

2. PI controller
PI controller is made as per the circuit given in figure 3.16
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Figure 3.16: Circuit for PI controller.

PI controller is checked and found that it is actively controlling the z
position of fibre tip to give a prescribed signal amplitude from tuning fork.

3. Electronics for Arithmetic operations
From the x, y and z voltages from computer we need to calculate z+x, z+y,
z-x and z-y voltages. So we need two addition and two subtraction circuits.
Circuits which do addition and subtraction of voltages are given in figure
3.17

CA 3140

2

3

6

R

R

R

R

CA 3140

2

3

6

R

R

R

R

V
1

V
2

V
1

V
2V

OUT
=V

1
+V

2 V
OUT

=V
2
-V

1

Circuit for Addition
Circuit for 
Subtraction

Figure 3.17: Circuit for addition and subtraction.
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4. High voltage amplifiers
High voltage amplifiers are made using PA88 op-amps. Circuit diagram of
an amplifier is given in figure 3.18.

PA 88

5K

R
C
=

 1
00

Ω

C
C
=

15
pf

R
C

L=
 1

3Ω

100K

75K

V
IN

VOUT1N
41

4
8

+V
S

-V
S

1

2

6

3
5

4

7
8

Figure 3.18: Circuit for high voltage amplifier. Circuit which uses PA88
IC for high voltage amplification

The IC PA88 is driven using a 225V dual DC voltage supply(Ultra Volt
1/4C24). Six of such amplifiers are made; One to drive hammer piezo, four
to drive scanner piezo and one extra. Each amplifier have switch-able gains
of 15 and 20. For these gains, typical DC amplification response is plotted
and shown as figure 3.19.
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Figure 3.19: Testing high voltage amplifier. DC amplification is tested by
giving DC input voltage and recording the output voltage from the amplifier

The amplifier works as an inverting amplifier and it have switch-able gains
of 19.8 and 14.8.

Assembling all the circuits in a box
All the circuits are made and assembled them in a box.
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(a)

(b)

(c)

Figure 3.20: Controller Box. All the electronics are arranged in an in-
strument box (a)the front panel (b)the back panel (c) inside the box:top
view 29



3.2 LabVIEW Programs
The experimental set-up is controlled using programs written in LabVIEW
language via a data aquisition card( NI USB6363).
The front panel of the main program for data acquisition is given in figure
3.21.

Figure 3.21: Main data acquisition program. This is the front panel
of LabVIEW program written to do force spectroscopy and imaging with
feedback

There are several other programs written for auto-approtch of the tip and
PI-controller calibration.

3.3 Calibration of Scanner piezo
The x,y calibration of the scanner piezo is done by analysing an AFM image
of a known sample taken in the same set-up. The calibration sample used
is a grating with 1.6µm separation between lines. The AFM image is taken
by varing the x and y voltages to scanner piezo and plotting the z voltage
from PI controller which actively sets the relative tip-sample separation at
a fixed force value. Then this raw image is slope-correted using the popular
open-source scanning probe image analysis software "Gywydion".
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Figure 3.22: Image anaysis using "Gywydion" opensource software.
x, y calibration of the scanner piezo is done by analysing a known sample
image taken using the set-up

From several image analysis of this sample, it is found that x sensitivity
is 131nm/V , y sensitivity is 137nm/V and z sensitivity is 9.5nm/V for the
scanner piezo.
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Chapter 4

Results

The chapter shows the main results of this project. Now instrument can work
as AFM. In this chapter a few AFM images taken using the instrument is
presented. In-order to compare these images, the AFM images of the same
sample taken using a commercial AFM is also provided

0μm 20μm0μm

20μm

0μm

0.5μm

1.01μm

(a)

(b)

1.6μm 1.6μm

1

Figure 4.1: AFM image of a grating.(a) is the AFM image obtained from
the developed instrument. (b) shows the line profile along the line 1 shown
in (a) and the line separation of grating is 1.6µm
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(a)

(b)

(c)

18.68μm

(1)

(2)

14.85μm

0 20μm

20μm

142nm

0μm

80nm

Figure 4.2: AFM image of a circular disc.(a) is the AFM image obtained
from the developed instrument. (b) shows the line profile along the line 1
shown in (a) and the length of disc along line (1) is 18.68µm (c) shows the
line profile along the line (2) shown in (a) and the length of disc along line
(2) is 14.85µm
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(a)

(c)

(b)
18.65μm

14.6μm

(1)

(2)

Figure 4.3: AFM image of a circular disc.(a) is the AFM image obtained
from the commercial AFM(JPK Instruments Nanowizard II). (b) shows the
line profile along the line 1 shown in (a) and the length of disc along line (1)
is 18.65µm (c) shows the line profile along the line (2) shown in (a) and the
length of disc along line (2) is 14.6µm
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1.6 μm

(a)

(b)

Figure 4.4: AFM image of a grating.(a) is the AFM image obtained from
the commercial AFM(JPK Instruments Nanowizard II). (b) shows the line
profile along the line 1 shown in (a) and the line separation of grating is
1.6µm

The figure 4.1, 4.2 shows the AFM images taken.
Figure 4.1 is an image of a grating which is used for calibration of distances
and figure 4.1(b) shows the line profile along the line 1 shown in 4.1(a) and
the line separation of grating is found out to be 1.6µm. The same grating is
imaged using a commercial AFM for comparison(figure 4.4).
Figure 4.2 is an image of a representative disc from a disc pattern fabricated
over a glass slide. Same pattern is imaged using a commercial AFM to
compare the image obtained.
A typical amplitude and phase variations with tip-sample separation is given
in figure 4.5, 4.6.
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Figure 4.5: A typical amplitude vs z-separation plot.The plot of am-
plitude of tuning fork oscillation vs tip-sample separation at resonance fre-
quency=32750Hz.
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Figure 4.6: A typical phase vs z-separation plot.The plot of phase of
tuning fork oscillation (with respect to drive) vs tip-sample separation at
resonance frequency=32750Hz.
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Chapter 5

Discussion

This chapter analyse the results and points out future direction of this
project.

5.1 The instrument as AFM

Figure 4.1 and 4.2 shows the instrument is working as AFM. If we compare
the lengths measured in the instrument and from the commercial AFM they
are matching. These AFM images from the instrument shows that the elec-
tronics made for the instrument and LabVIEW program written to automate
them are working as expected and PI-controller is able to keep the tip-sample
height constant.
The amplitude of the drive piezo is yet to be calibrated. Once that calibra-
tion is done, using the data, amplitude and phase, shown in figure 4.5 and
4.6 we can calculate the magnitude of tip-sample interaction forces using the
theory explained in chapter 2 ( 2.1).
An important peculiarity of this AFM is that, here the tip is modulated
laterally so proper shear forces can be measured. While in the commercial
AFM uses cantilevers, which can only immitate lateral shearing by torsional
bending of cantilevers. So where ever we need to measure shear response,
this AFM will give better results.
About resolution, the lateral resolution of the instrument depends on the
tip size. If we use the bare optical fibre tips (figure 3.4) then the lateral
resolution is around 60nm, since tip size is around 60nm. But if we use
NSOM-probe fibre tips then lateral topography resolution will become 300
to 600nm (figure 3.5, 3.6).
The vertical-height resolution depends on the amplitude-separation plot (fig-
ure 4.5). From this plot we can calculate the height-sensitivity which is the
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slope of the line fitted to the interaction region in amplitude- separation plot.
Here it is 37mV/nm. Since the PI-controller used to keep the tip at constant
height, can detect even 1mV, from this sensitivity we should be able to detect
0.1nm easily. Such a good tip-sample distance control is much needed for the
instrument to work as NSOM.

5.2 The instrument as NSOM
It took some time to get the FIB facility to make the optical probes. As the
FIB facility was not available in IISER Pune when this thesis work is done,
had to search for FIB facility and finally got the FIB slot from IIT Mumbai
(OIM and Texture Lab). Now the NSOM-fibre probes are ready (figure 3.6)
and a PMT-cap is made to attach the fibre to PMT. Within one week fibre
tip can be loaded with PMT in the set-up. The results of NSOM will be put
up in the thesis presentation.

5.3 In Future
As discussed in introduction chapter, the main motivation to build this in-
strument is to study nano-confined water. Many experiments can be done
on nano-confined water. One is diffusion measurement of a fluorescent par-
ticle through the confined water. Another one is that checking for critical
opalescence on confinement. These experiments will be the first attempt to
probe nano-confined water optically.
Application of this instrument is not just limited to studying nano-confined
water. Using this instrument one can study the shear properties of bilay-
ers along with it’s optical image or can map the optical light intensity on
different nano-wire geometries due to surface plasmons.
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