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Abstract

In this thesis work, we have standardized the different operational modes of commer-
cial atomic force microscope(AFM) including Non-contact and Contact topography, Force
Mapping, Lateral Force Microscopy (LFM), Magnetic Force Microscopy, Piezoresponse
Force Microscopy (PFM), Electrostatic Force Microscopy (EFM) and Conductive AFM.
Using the above mentioned experimental techniques we have shown that mechanical prop-
erties like friction and adhesion is modulated in a quasi-periodic fashion in correlation with
topographic modulation in certain transparent insect wings. The natural motivation for such
modulation is not understood and that might be an important open problem in biology. The
surface of these wings have self-cleaning and anti-wetting properties. This work is signif-
icant in the context that it has meritorious applications in fabrication of artificial surfaces
having such properties.
We have used Piezoresponse Force Microscopy to show that electrically active domains can
be written and erased on single crystals of SrTiO3 at remarkably high temperatures up to
440K. Observation of hysteretic phase switching indicates that SrTiO3 might have a high
temperature ferroelectric phase. Since the surface of SrTiO3 is itself electrically active, its
usage as a substrate and hetero-structures such as LaAlO3/SrTiO3 should be revisited.
We also investigate the ferroelectric behaviour of a recently discovered thermoelectric semi-
conductor AgSbSe2 and we infer that it possesses nanometer scale ferroelectric domains
that could potentially scatter mid-wavelength phonons and reduce thermal conductivity
thereby enhancing the thermoelectric figure of merit (zT ).
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Chapter 1

Introduction

1.1 Scanning Probe Microscopy

Scanning Probe Microscopy (SPM) is one of the most powerful imaging techniques that
employ a mechanical probe to investigate the surface topography and local properties of
samples. With the ability to operate over micron to nano-meter length scales, SPM provides
an opportunity to study a variety of systems with atomic resolution. The first member of the
SPM family was the Scanning Tunneling Microscope which was invented by Gerd Binnig
and Heinrich Rohrer in 1981.[1] Their contribution was highly acknowledged and they
were awarded Nobel Price in Physics in 1986. SPM finds its applications in wide variety
of areas such as physics, material science, biology, chemistry, etc. With a rapid increase
in scientific research and technology, other scanning probe microscopes like the Atomic
Force Microscope, Magnetic Force Microscope, Near Field Scanning Optical Microscope
etc. were developed and are now being widely used in different fields. [2, 3]

1.1.1 Basic Principle of SPM

The surface of the specimen is investigated with the help of a sharp tip whose apex is of the
order of few nanometers. A topographic map of the sample can be constructed by exploiting
the interactions between the tip and the sample. The type of interaction depends upon the
kind of microscope and the property to be studied. The typical distance between the tip and
the sample is about 1-2 nm. The interaction between the tip and the sample is quantified in
terms of a parameter T. As the tip scans over the sample, the value of this parameter changes
due to interactions between the tip and the sample. The feedback loop tries to maintain this
parameter at some specific preset value T’ by adjusting the tip-sample distance, thereby
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making the error in equation 1 zero.

Error = T − T ′ (1.1)

By analyzing the signal that the feedback loop sends to change the tip-sample distance in
real time, a topographic image or the image constituting the information about the properties
of the sample is constructed. Figure 1.1 shows a schematic diagram of the basic working
principle of a scanning probe microscope.

Figure 1.1: A schematic diagram showing the basic working principle of a Scanning Probe
Microscope

1.1.2 Scanning Tunneling Microscope

The first member of SPM family, the Scanning Tunneling Microscope utilizes tunneling
current between a conducting tip and sample to probe the properties of a sample [4, 5].
Figure 1.2 shows a schematic diagram of a general Scanning Tunneling Microscope. The
tip is mounted on a scanner which allows three-dimensional positioning in the x, y, and z
directions with subatomic precision using piezo-tubes. The tip-sample distance is reduced
to few Angstroms. This creates a tunneling barrier whose strength depends on the distance
between the tip and the sample. In this tunneling regime,a bias voltage is necessary for
the flow of tunneling current between the tip and the sample. The tunneling current has an
exponential dependence and is very sensitive to the tip-sample distance.
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Figure 1.2: A schematic diagram of Scanning Tunneling Microscope

The most widely used convention of the polarity of bias voltage is that the tip is virtually
grounded. The bias voltage V is provided to the sample. If V > 0, the electrons tunnel
from the occupied states of the tip into the empty states of the sample. If V < 0, the
electrons tunnel from the occupied states of the sample into the empty states of the tip.
While scanning in the constant current mode, the feedback loop maintains a constant value
of this tunneling current by modulating z profile with the help of the piezo. By recording
the voltage applied to the z-piezo and the x-y motion of the tip, a three dimensional image
of the topography of the sample’s surface is obtained.

For scanning atomically smooth surfaces, constant height mode is used in which the height
of the tip above the sample is fixed. This is carried out either by turning off the feedback
loop or by scanning at high speeds faster than the reaction time of the feedback system.For
achievement of atomic resolution, it is necessary that an atom protrudes out from the tip
and reaches to the sample to a distance which is comparable to the dimensions of lattice.
This is done by sharpening the tip by chemical etching or mechanical grinding. The other
necessary condition is that the system should be free of vibrations. This condition is met by
establishing a proper vibration isolation. [6, 7]

Despite the vast success of STM, it has a drawback that it can only probe conducting mate-
rials as it only uses tunneling current as a feedback parameter. Soon it was speculated that

3



at very small tip-sample distances, inter-atomic forces were significant enough to be used
in a new member of SPM, Atomic Force Microscope.

1.1.3 Atomic Force Microscope

Atomic Force Microscope was first introduced in 1986 by Gerd Binnig, Calvin F. Quate and
Christopher Herber.[2] The working principal of an AFM is similar to that of STM but the
tip is replaced by an elastic cantilever with a sharp tip as a probe which interacts with the
sample and probes the surface’s properties. While STM can only probe conducting materi-
als, AFM provides freedom to image all kind of materials regardless of their conductivity.
This technique has undergone major developments since its inception and has now become
an essential tool for imaging the topography and properties of samples.[8]

The interactive forces felt by the AFM tip are a combination of chemical interaction, elec-
trostatic forces, magnetic forces, meniscus forces, vanderwal forces, etc. The vanderwal
forces can be approximated by Lennard-Jones potential. With this potential, one can esti-
mate the interaction force between tip and the sample.

ULD(r) = Uo{−2(
ro
r

)6 + (
ro
r

)12} (1.2)

Components of AFM: MFP-3D

• Piezo Actuators and Scanners Piezoelectric effect is the property of certain ma-
terials to generate mechanical oscillations in response to an electric voltage. This
property of piezo-electricity is exploited for the precise movement of tip at nano-
scale. Piezos in AFM’s are widely used for scanning. The piezo moves in a specific
direction (expands or contracts) depending upon the voltage applied (positive or neg-
ative).The x-y motion of the sample is controlled by the piezos in the scanner and the
z-motion of the tip is controlled by the piezo stack above the cantilever. The range
of scanning area in AFM’s is limited to few tens of microns. This is due to the non-
linear and hysteretic behavior of displacement of piezo with applied voltage. At high
voltages problems like hysteresis and piezo creeps become severe. Thus the accuracy
of the displacement of the piezos’ is limited to few microns.

• Tip The tip is the main working part of the AFM which actually interacts with the
sample. It is a sharp micro-fabricated tip mounted at one end of an elastic cantilever.It
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is typically made up of Silicon or Silicon Nitride with a coating depending upon the
choice of experiment. [9, 10] The radius of curvature of the tip’s apex is of the order
of 5− 50nm which limits the lateral resolution. The interactive force F between the
tip and sample can given by Hook’s Law.

F = k∆x (1.3)

where k is elastic constant and the interactions between tip and sample are measured
by the displacement of the cantilever ∆ x.

• Laser Based Detection Optical techniques are used to measure the motion of the
cantilever as it interacts with the sample and is effected by various kinds of forces.
A laser of wavelength 860nm is collimated and is focused on the tip using a lens.
The beam reflects from the tip and is recollimated using a lens and finally reflects
by a mirror reaching a segmented photo-diode. The bending of the cantilever can be
detected optically as the laser spot moves up and down on the photo-diode itself. The
position of the laser on the photo-diode is determined by the angle of the deflected
cantilever. A small change in the angle leads to an amplified movement of laser spot
on the photo-diode. Thus, photo-diode does not needs nano-scale precision to detect
the motion of the cantilever.

• Deflection and Photo-diode The measurement of the cantilever’s displacement has
to be accurate in order to achieve atomic resolution. The cantilever may be deflected
vertically or laterally which is detected optically using a segmented photo-diode hav-
ing four quadrants as shown in Figure 1.3.

Figure 1.3: Four segmented photo-diode.
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The laser spot after reflecting from the tip falls on this segmented photo-diode. A
voltage is generated for each quadrant depending on the amount of the light falling
on the corresponding segment. The vertical deflection is defined as the difference
between the voltage generated in upper two and lower two quadrants whereas the lat-
eral deflection is the difference between voltages generated in left and right quadrants.
Figure 1.4 shows the possible position of the laser spot on the photo-diode.

V ertical Deflection = Vtop − Vbottom = (VA + VB)− (VC + VD) (1.4)

Lateral Deflection = Vleft − Vright = (VA + VC)− (VB + VD) (1.5)

Figure 1.4: Position of laser spot in different deflections of the cantilever.

1.1.4 Operational Modes of AFM

• Non-Contact Mode The non-contact mode uses amplitude of oscillation of the can-
tilever as a feedback parameter. The shake piezo on the cantilever drives the can-
tilever at its resonant frequency with certain amplitude. The dynamic motion of a
cantilever can be mimicked by a mechanically driven damped oscillator. The can-
tilever is driven by piezo with an external periodic force Fdrive = kAdrive cosωt.
The simple harmonic oscillator can thus be described by a second order differential
equation.

m
d2z

dt2
= Fdrive − b

dz

dt
− kz (1.6)
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where m is cantilever’s mass, b is damping coefficient and z is vertical displacement
of the cantilever. On solving,

A =
Adriveω

2
◦√

(ω2
circ − ω2)2 + (

ωω◦
Q2

)

(1.7)

where ω is the instantaneous frequency, ω◦ is the resonant frequency of the cantilever
and Q is the quality factor which describes energy losses in a system is given by

Q =
k

ω◦b
=
πτ

T
(1.8)

At resonance (ω = ω◦), the cantilever naturally oscillates with a greater amplitude
as compared to any other frequency. As the distance between the cantilever and the
sample is reduced, the amplitude of oscillation of the cantilever is damped due to
inter-atomic forces between the tip and the sample as shown in Figure 1.5.

Figure 1.5: Damping of the amplitude of oscillation of the cantilever due to interactive
forces between tip and the sample.
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This change in amplitude is detected optically with the help of the laser and the photo-
diode. As the tip oscillates, the laser spot also oscillates in phase on the photo-diode.
Any perturbation in the cantilever’s oscillation is thus recorded by the photo-diode.
The user sets a specific value( called the ‘set point’) of this amplitude which has to
be maintained throughout the scan with the help of z-piezo feedback loop. Thus, the
feedback loop minimizes the error signal between the set point amplitude and the
instantaneous amplitude (equation 1). This is carried out by giving the appropriate
voltage to the z-piezo to move up or down to maintain the amplitude of the oscilla-
tion at the set point value. The contour of the sample’s surface is traced by the the
z-motion of the cantilever controlled by the z-piezo as shown in Figure 1.6 .[11]

Suppose there is a pit on the sample. As the tip moves past that pit, the amplitude
becomes greater than the set-point as the distance between the tip and the sample is
suddenly decreased. The feedback loop will increase the z-voltage supplied to the
piezo making the amplitude equal to the set point value by bringing the tip closer to
the sample. Similarly, if there is a height feature on the sample, the amplitude will
become smaller while crossing that height feature, the feedback loop will decrease
the z-voltage given to the z-piezo which will again make the amplitude equal to the
set point value by retracting the tip backwards.

Figure 1.6: Feedback in the Non-contact Mode tracing the contour of the sample’s surface.

• Contact Mode The contact mode uses deflection of the cantilever as a feedback pa-
rameter. A constant contact to the sample’s surface is maintained throughout the
scan. A contact implies that the distance between the tip and the sample is such that
the inter-atomic forces between them are repulsive in nature (as shown in Figure 1.7).
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Figure 1.7: Potential versus distance showing repulsive and attractive regime.

When the tip is in contact with the sample, the cantilever bends due to repulsive
force between the tip and the sample. This bending of cantilever which is termed as
deflection is the angle of the cantilever and is detected optically through the photo-
diode. The bending of the cantilever and the corresponding positive vertical deflection
is shown in Figure 1.8.

While scanning in contact mode, the force between the tip and sample changes due
to which the angle of the cantilever changes. The user chooses a particular value
for deflection set point (and hence a particular value for force). The height of the
cantilever is controlled by the z-piezo. As the tip scans over the sample, the z-piezo
adjusts the height of the cantilever as much as needed to maintain a constant deflection
set point. The z-piezo thus traces the contour of the sample’s surface and maintains
a constant height difference between the back end of the cantilever and the point of
sample in contact with the tip throughout the scan.

Imaging in contact mode is carried out by direct mechanical contact of the tip and
sample. This may damage the sample’s surface or may lead to tip degradation. Due
to these reasons, contact mode is not suitable for soft and biological materials.

9



Figure 1.8: The cantilever is deflected in vertical direction which is detected through the
photo-diode. The vertical deflection is basically change in the angle of the cantilever.
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Chapter 2

Members of SPM

Ever since the inception of AFM, different operational modes have been developed which
can probe electric, magnetic , mechanical, etc properties of samples. Some of the modes
which have been used in the experiments have been described in further sections.

2.1 Lateral Force Microscopy

The ability of AFM to probe the local properties of a sample at such high resolutions has
made it an important tool in the emerging field of nanotribology which is the study of
atomic scale interactions between surfaces in relative motion.[12] The properties such as
friction, adhesion can be easily probed with the help of Lateral Force Microscopy. Lateral
Force Microscopy is carried out in contact mode and is capable of measuring lateral forces
between the tip and the sample. The feedback parameter in this mode is lateral deflection.
As the tip scans in contact mode, it rubs against the surface, and the friction leads to a
lateral deflection of the cantilever which is measured optically. The lateral deflection of the
cantilever is schematically described in Figure 2.1(a). Figure 2.1(b) shows a hypothetical
surface with different topographic features having different coefficients of friction and the
corresponding lateral deflections. The spikes in the lateral scan lines are seen due to a
sudden rise or a sudden fall in the topography. However, if there is a sudden rise(fall) in
topography and the corresponding friction also rises(falls) leading to an increase(decrease)
in lateral deflection, such spikes will not appear. Therefore, the friction data measured
during a single scan direction is always influenced by the topography. In our measurements
we eliminate this cross-talk by recording the lateral deflection during forward (trace) and
reverse (retrace) scans and then calculating the difference. The lateral retrace deflection is
opposite in sign to the lateral trace deflection. Therefore, only the deflection due to friction
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Figure 2.1: Schematic description of (a) the vertical and lateral cantilever deflection on the
four-quadrant photo-detector. (b) Frictional force measurement protocol.

is retained after subtracting the two signals. The frictional data thus obtained is plotted as
a function of the position of the tip on the surface in order to construct the frictional force
image.

2.2 Piezoresponse Force Microscopy

PFM is known to investigate the electro-mechanical and ferroelectric properties of samples.
An oscillating electric voltage is applied to a conductive tip which is in contact with the
sample. The sample locally oscillates in response to this external voltage applied due to
piezoelectric effect as shown in Figure 2.2. Since the tip is in contact with the sample, the
mechanical oscillations thus produced are transferred to the tip. The oscillating vertical
deflections of the tip are measured optically using the photo-diode.

Figure 2.2: Schematic diagram showing local expansion (right), local contraction (middle)
and normal state (left) in response to positive, negative and zero voltage applied respec-
tively.
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The phase of the resultant electro-mechanical response yields information about the distri-
bution of polarization direction in the sample. Suppose the direction of polarization below
the tip is upwards, then the application of positive voltage will result in local expansion
of the point on the sample underneath the tip. This expansion is in phase with the voltage
applied to the tip. If the direction of polarization below the tip is downwards, then a positive
voltage will result in local contraction and this contraction would be out of phase with the
applied voltage. As the tip crosses a domain wall with different polarization directions on
its sides, a change of phase would take place as shown in Figure 2.3. Whenever the tip
crosses a domain wall, it would reflected in the phase and thus a domain wall distribution
in the sample is obtained.[13, 14]

Figure 2.3: Schematic diagram showing response of the tip as it crosses a domain wall.

Piezoelectric effect produces mechanical oscillations in a sample in response to an external
electric voltage. This effect is quantified by piezoelectric strain constant which is a rank-3-
tensor whose d33 component can be measured by PFM. [15] This component is responsible
for the vertical deflection of the cantilever. The voltage applied to the tip is of the form

Vtip = Vdc + Vac cosωt (2.1)

which results in the local mechanical oscillation of the sample leading to the vertical motion
of the cantilever of the form

z = d33Vdc + d33Vac cos(ωt+ θ) (2.2)
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The measured PFM signal is given by

A = d33VacQ (2.3)

where d33 depends upon the materials’ piezoelectric response, Vac is the oscillating voltage
to the tip and Q is the quality factor.

High voltage Vac is avoided as it can damage the sample’s surface and can also bring a
change in the inherent polarization of the sample. Thus the solution to improve the piezo
signal is to increase the quality factor of the cantilever. By driving the voltage at contact
resonant frequency the piezoresponse signal can be boosted. The cantilever is in contact
with the sample and its contact resonant frequency depends upon the tip-sample contact’s
stiffness. As the tip scans over a sample, the contact resonant frequency changes. This
might also lead to topographic cross talk. A great way to improve the strength of the signal
is to adjust the drive frequency at contact resonant frequency while scanning. To chase
the resonant frequency while scanning, a new method called Dual Amplitude Resonance
Tracking PFM has been developed.

2.2.1 Dual Amplitude Resonance Tracking (DART) PFM

DART, uses two lock-in amplifiers to supply voltage to the cantilever at two different fre-
quencies. [16] Figure 2.4 shows a schematic diagram showing the working principal of
DART mode PFM. An oscillating voltage supplied to the tip is a combination of voltages at
two frequencies, one above the resonant frequency and one below the resonant frequency.
The resultant deflection of the cantilever is sent back to the lock-in amplifiers. The change
in the amplitudes at the two frequencies is measured and the contact resonant frequency is
tracked by using the difference in the measured amplitudes of the cantilever (A1 −A2) as a
feedback parameter.

2.2.2 Switching Spectroscopy

The piezoresponse is probed by applying an ac voltage Vac between the tip and the sample
which is directly connected to the ground of the voltage source. The frequency of this ac
voltage is the tip-sample contact resonance frequency. For PFM spectroscopy, the ac volt-
age Vac = Vaccosωt is mixed with a dc voltage (Vdc) and the sum V = Vdc + Vaccosωt is
applied between the tip and the sample in a waveform as shown in the Figure 2.5. The area
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Figure 2.4: Schematic description of DART PFM

underneath the tip will be deformed due to the application of the electric field if it’s piezo-
electric. Since the applied field has a periodic component, the amplitude of deformation
can be written as A = A◦ + Acos(ωt + φ), where φ is the phase difference between the
applied field and the amplitude response. φ gives information about the electric polarization
direction below the tip. Vdc switches the polarization direction in the region underneath the
tip . This is expected to give rise to a 180◦ shift in φ as Vdc passes through Vdc = 0. In
general, for ferroelectric switching, the phase φ switches hysteretically.
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Figure 2.5: Switching spectroscopy PFM schematic diagram

2.3 Electrostatic Force Microscopy

Electrostatic Force Microscopy probes the electrostatic force which arises due to attraction
or repulsion from surface charge. The cantilever is made to oscillate at its resonant fre-
quency (non-contact mode) while a dc voltage is applied between the tip and the sample. It
works on the principle that electrostatic force between the tip and the sample cause a shift
in the phase. The tip-sample interaction is treated as a capacitor whose energy is given by
E = 1

2
CV 2.[17] The force on the cantilever by electrostatic field would be obtained by

differentiating this energy with respect to the z distance which is

F =
dU

dz
=

1

2

dC

dz
(Vtip − Vsample)2 (2.4)

This force depends upon the applied dc voltage and the capacitance. Capacitance is a func-
tion of tip geometry, conductivity, dielectric constant,etc. The regions having no surface
charge would thus have a different dC

dz
as compared the regions having surface charge. Thus

the electric field of the charges will create a different force gradient which would be re-
flected in the phase shift between the drive and the response of the cantilever. Nap mode is
used to decouple the electric field from the topography in which two scans are performed.
In the first scan, the usual topography is taken and remembered followed by a second nap
scan in which the cantilever is lifted up by a constant height. This is carried out by raising
the tip point by point as shown in the Figure 2.6. The force in the vertical direction varies
with z distance which is recorded as a function of x-y distance. The changes in the phase
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Figure 2.6: Nap mode in EFM showing two passes:Topography and Nap.

shift with x-y position provides the information about the distribution of surface charges on
the sample.
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Chapter 3

Nanoscale architecture: Drosophila
Melanogaster

The ability of tiny insects to survive in extreme environmental conditions is remarkable. To
maintain adequate mobility during rain and storm, insects have natural engineering on the
surface of their wings. They are known to possess hydrophobic and self-cleaning properties
which are result of superior micro and nano-structuring. The architecture of these insects’
wings is expected to be used in manufacture of bio mimetic synthetic surfaces resistant to
dust and water. In the past, various insects were studied and topographic micro-structures
on the wing’s surface were probed using various imaging and characterization techniques.
With the help of high resolution Atomic Force Microscopy, it is now possible to study the
topography of insects wings in much greater detail. One of the most extensively studied
organisms is Drosophila Melanogaster and is a model system because of its relatively short
lifetime, sequenced genome and the presence of a vast variety of mutants.[18] We have
studied Drosophila Melanogasters wing to study its fascinating micro-structures and nano-
structural diversity that gives rise to its extraordinary water and dust resistant properties.

The wing of a female wildtype Drosophila Melanogaster was loaded flat on a glass slide
and was fixed with scotch tape at its edges. This exposed a small and flat region (away from
the veins) of the wing on which AFM measurements were carried out.The measurements
were carried out using a Ti-Ir coated silicon cantilever with a spring constant of 2 N/m.

Figure 3.1(a) shows a 50 x 50 µm2 non-contact topographic image of wings surface show-
ing about 10-12µm long micro-structures distributed all over the surface in a semi-periodic
manner. The long axes of all such islands in the scanned area are oriented in the same
direction. The cantilever probes the same area twice by taking forward (trace) and reverse
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(retrace) scans. Figure 3.1(a) and (b) show the trace and the retrace images respectively.
It is clearly evident from these images that there is a loose structure at the bottom of the
micro-structure which is being dragged along the tip during trace (Figure 3.1(a)) and is
being swept back by the tip during retrace (Figure 3.1(b)).

Figure 3.1(c) shows a 2 x 2 µm2 non-contact topographic image of a region as shown in
Figure 3.1(a). Nanoscale bumps are distributed throughout the wing’s surface in a non-
periodic manner. These bumps are about 250 nm wide and 40-50 nm high. Figure 3.1(d)
shows a 3-dimensional scan of the same region as in Figure 3.1(c).

Figure 3.1: (a),(b) 50 x 50 µm2 trace and retrace topographic image showing long micro-
structures distributed in a semi-periodic manner respectively. (c)Non-contact topographic
image of 2 x 2µm2 area shown in (a) showing nano-scale bumps. (d)Three dimensional
profile of the image in (c).
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Figure 3.2: (a):Topographic image of randomly chosen four nano-bumps in a 800 x 800
nm2 area. (b)Three dimensional profile of the image in (a)

Figure 3.3: (a) Topographic image of a single bump in a 300 x 300 nm2 area. (b)Three
dimensional profile of the same image as in (a)

Figure 3.2(a) shows a 800 x 800 nm2 non-contact topographic image randomly chosen four
of the nanoscale bumps shown in Figure 3.1(c). Figure 3.3(a) and (b) shows a high resolu-
tion 2-D and 3-D topographic image of a single nano-bump respectively. It can be seen that
all the nano-bumps have the same topography which comprises of a small protrusion in the
middle, a layer on the bump with a cut on the left which is similar for all of the bumps.

The wings of Drosophila Melanogaster have micro-structures distributed on its surface in a
semi-periodic manner which are 10-12 µm long and 5-6 µm high. The background matrix
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is crowded with randomly distributed nano-bumps which are about 250 nm in width and 40-
50 nm in height. Each one of these bumps has similar architecture in terms of a protrusion,
a surrounding membrane with a cut which is in same direction for all of them. The origin
and function of this specific architecture on the nano-scale bumps is a matter of curiosity.
It would also be interesting to study at what stage of development this architecture begins
to develop and if there is any structural correlation with its function.
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Chapter 4

Microscopic modulation of mechanical
properties of transparent insect’s wings

We report on the measurement of local friction and adhesion of transparent insect wings
using an atomic force microscope (AFM) cantilever down to nanometre length scales. We
observe that the wing-surface is decorated with 10 µm long and 2 µm wide islands that
have higher topographic height. The friction on the islands is two orders of magnitude
higher than the back-ground while the adhesion on the islands is smaller. Furthermore, the
high islands are decorated with ordered nano-wire-like structures while the background is
full of randomly distributed granular nano-particles. Coherent optical diffraction through
the wings produce a stable diffraction pattern revealing a quasi-periodic organization of the
high islands over the entire wing. This suggests a long-range order in the modulation of
friction and adhesion which is directly correlated with the topography. The measurements
unravel superior functional design of complex wing surface and could find application in
miniature biomimetic devices.

Insect wings are known to possess remarkable mechanical and optical properties. They
are naturally engineered to be among the best materials with superior self-cleaning, anti-
wetting, anti-bacterial properties and they exhibit bountiful varieties of exotic colour pat-
terns [19, 20, 21, 22]. It is believed that naturally controlled nano-structuring of the wings’
surface govern their remarkable properties [23, 24, 25]. In the past wide, various to-
pographic micro-structures on diverse insect wings were probed, and their functionali-
ties were investigated by employing a number of imaging and characterization techniques
[19, 24, 25, 26]. With the development of high-resolution imaging capabilities, it has now
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been possible to investigate the detailed structure of the wing-topography down to sub-
micrometer length scales. Attempts have been made to mimic the naturally engineered
structures in biological systems for enhancing the functionality of man-made devices and
for synthesizing new materials [21, 28, 29, 30, 31, 32, 33]. However, owing to the diver-
sity and complexity of the insect wings, a complete understanding of their sub-microscopic
mechanical properties remained an unattained goal.

In the past, mechanical properties of certain insect wings have been measured by macro-
scopic measurement techniques, and the average friction and adhesion values on the wing
surface were found to be low [20, 23, 34]. In this context, superior self-cleaning and anti-
wetting properties of the insect wings were attributed to the measured low adhesion on the
surface [20, 22, 23, 35]. However, the distribution of the mechanical properties down to
nanometre length scales on transparent insect wings, an important information for under-
standing the rich functional properties and their structural origin, was not known. In this
paper we report on the microscopic friction and adhesion properties of the transparent wings
down to nanometre length scales using an atomic force microscope (AFM) cantilever. We
show a strong spatial-modulation of frictional and adhesive properties on the wing which
is directly correlated to its topographic modulation. We perform high resolution imaging
of the high and low friction areas to understand the possible dependence of the mechanical
properties on the distribution of surface roughness. From an analysis based on the model of
Rumpf [36], we explain how the observed modulation of the mechanical properties might
originate from the fine topographic structures [37]. Furthermore, by complementing these
results with coherent optical diffraction experiments, we show that the microscopic mod-
ulation of friction and adhesion is distributed in a quasi-periodic fashion over the entire
surface of the wing.

Figure 4.1: Schematic description of (a) a typical force curve obtained for adhesion force
measurements using an AFM cantilever. (b) A surface with low local asperity and high
hills and valleys. The AFM tip interacts differently to these during friction and adhesion
measurements.
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The wings have small ripples towards the edge that makes the surface near the edge lift out
of plane. In order to make the wing sit flat on the surface we have pressed the wrinkled
sides and rigidly fixed them on the slide with scotchtape. A section of around 3 mm x 3
mm flat region, anchored from all sides by tapes, was exposed where AFM measurements
were performed.

Frictional forces were measured by bringing a Titanium-Iridium coated tip mounted at the
end of a silicon cantilever in contact with the surface of a transparent wing of a rain-fly using
Lateral Force Microscopy (as described in Section 2.1).In Figure 4.2(a) we demonstrate the
frictional force distribution in an arbitrarily chosen area of 50x50 µm2 on the surface of the
wing. Remarkably, the tip encounters almost 70 times higer friction in the bright regions as
compared to the dark regions. From the visual inspection it is clear that the relative friction
is higher in some elongated islands of length 10 µm and width 2 µm. The separation
between two nearest islands is 10 µm. About 10 such high-friction islands can be seen in
Figure 4.2(a). The long axes of all such islands in the scanned area are oriented in the same
direction.

In order to investigate the possible correlation of the modulation of friction with topographic
modulation, we performed topographic imaging of the same area as shown in Figure 4.2(a).
The topographic image is shown in Figure 4.2(b). By comparing the friction and the to-
pographic maps, it becomes evident that the modulation in friction is correlated with the
modulation in topography – Regions with higher topography offer higher friction to the
tip.In order to investigate the correlation of the observed topographic modulation with other
mechanical properties than friction, we measured distribution of the adhesive forces on the
wing. For this measurement, the wing was loaded flat on a glass slide, and the measurement
was carried out using a Ti-Ir coated silicon cantilever with a spring constant of 2N/m. First,
the AFM tip was allowed to approach the surface with the feedback loop on. The approach
stops as soon as the deflection of the cantilever reaches a pre-set value (the set point). From
this point the tip is allowed to retract slowly, and the force required to pull the tip out of
the attractive regime of the force curve is measured, and this is proportional to the adhesion
force. This could be approximated to be equal to the depth of the attractive region of the
force versus distance curve as shown in Figure 4.1(a). The force curve is recorded for a
large number of points on the surface, and the adhesion force plotted as function of the
position of the AFM tip gives the adhesion image. From the measurements carried out, it is
observed that the adhesion force has a lower value on the high islands as compared to the
background.
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Figure 4.2: (a) Distribution of relative frictional forces on a 50 µm2 area on the wing
surface. (b) Topographic image of the same area as in (a) topographic height distribution.
(c)Higher resolution topographic image of the back ground showing granular topography.
(d) Nano-structures on top of one of the islands.

Figure 4.3(a) depicts the adhesion force map on a 16x8 µm2 area that includes one island
of higher friction. The force curve was recorded at 70x70 points on the given area for con-
structing this plot. Figure 4.3(b) shows the topographic image of the single island on which
the measurement for Figure 4.3(a) was done. From a comparison between Figure 4.3(a) and
Figure 4.3(b), it is evident that adhesive force experienced by the tip is significantly higher
on the high island than on the background.

In Figure 4.2(a) we demonstrate the frictional force distribution in an arbitrarily chosen
area of 50x50 µm2 on the surface of the wing. Remarkably, the tip encounters almost 70
times higer friction in the bright regions as compared to the dark regions. From the visual
inspection it is clear that the relative friction is higher in some elongated islands of length 10
µm and width 2 µm. The separation between two nearest islands is 10 µm. About 10 such
high-friction islands can be seen in Figure 4.2(a). The long axes of all such islands in the
scanned area are oriented in the same direction.
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Since frictional and adhesion properties are believed to originate from sub-microscopic
structural properties, we performed high resolution imaging on the wing surface down
to nanometre length scales. The high friction and low adhesion islands show parallel
nanowire-like structures of diameter 5 nm (Figure 4.2(d)). These wire-like structures are
oriented perpendicular to the long axes of the islands. At certain locations thicker (diam-
eter 10 nm) ridge-structures run perpendicular to the 5 nm diameter wires. One of the
side-walls of each island is slanted and is decorated with the above-mentioned nano-wire-
like structures. Such nano-structuring might or might not be present in the opposite wall– it
is not clearly resolved due to the presence of a concave curvature in that wall and therefore
the tip cannot probe the wall surface. In contrast, when we zoom into an area of 5x5 µm2

in the background, we observe 300 nm 500 nm wide particles (Figure 4.2(c)). The high
islands as well as the background was further imaged by a scanning electron microscope
where the random distribution of the nano-particles in the background was also observed
(Figure 4.4(c,d,e)).

Figure 4.3: (a) Modulation of the adhesive forces in a 16 µm2 area containing one high
island. (b) Non-contact AFM topographic image of the single island as in (a).
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It should be noted that in the past adhesion force mapping was carried out on the wings of
Drosophila Melanogaster and it was found that the wings had nano-scale bumps on which
the adhesion was not significantly different from the surrounding membrane [38]. From
our measurements it is clear that the friction is higher but adhesion is lower on the islands
compared to the background. It is common wisdom that friction is related to the roughness
of the surface. From past theoretical studies it is also known that surface roughness may
also influence adhesion properties. Within the theoretical model developed by Rumpf [36],
the adhesion force between a particle and a surface is given by

Fadh =
AHR

6Do

[
r

r +R
+

1

(1 + r
Do

)2

]
(4.1)

where R refers to the particle radius, r is the asperity radius on the surface, AH is Hamekar
constant and Do is the minimum distance between sphere and asperity (inter-atomic spac-
ing). If the asperity radius on the surface is small, the AFM tip, whose apex may be approx-
imated to be a particle, will experience a lower adhesion. Comparing the structural details
of Figure 4.2(c) and Figure 4.2(d) it is clear that the effective value of r is higher on the
background than on the high islands: The mean asperity radius on the islands is around 5
nm while the bigger granular structures in the background may lead to a higher value of
r. This explains the lower adhesion on the high islands as compared to the background.
However, friction between the AFM tip and the surface is also affected by the larger hills
and valleys existing on a surface. As shown in Figure 4.1(b), the small circular structures on
the sample around the tip will contribute to adhesion but the larger hill-like structures will
not contribute for a given point on the surface where the adhesion is measured. However,
the larger hill-like structures should contribute strongly to friction, since friction measure-
ments involve dragging the tip laterally along the surface. The topography on the islands
has several hills and valleys as seen in the image of a single island in Figure 4.3(b) leading
to a higher friction on the valleys. Such modulation of topography does not exist in the
background.

From the above measurements it is clear that the surface of the wings has well defined
islands that have greater height than the background, and have higher friction and lower
adhesion than the background. It is known that lower adhesion of the wings give rise to
their self-cleaning properties like in lotus leaves [19, 20, 21, 39, 40, 41, 42, 43]. The specific
architecture and enhanced friction might grant the insects an aerodynamic advantage during
strong winds [44]. However, it is remarkable that such properties are localized at certain
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Figure 4.4: (a) Incident beam profiles for a green solid-state laser(λ = 523nm). (a′) digital
photograph of the diffraction pattern on the screen (b) schematic of the set-up with various
components SH:wing sample hold ; AP1,AP2: iris; C: beam expander; SC: screen and
NDF: ND filter wheel. (c)Micro-structures with 10 micrometer scale bar (d) Single structure
with nano-structure patterning (e) nano-structure arrangement with 300 nm scale bar.

specific points. It appears that additional volume is needed for required nano-structuring
that facilitates the desired mechanical properties. However, larger volumes lead to increase
in the total mass of the wing which is disadvantageous for flight. Hence, we may surmise
that the advantageous mechanical properties have been distributed over the wing such that
the total mass is minimized without compromising on the advantages.

In order to probe the distribution of the islands over a large area up to millimetre length
scales on the wing, we have performed optical diffraction imaging of a pristine wing sam-
ple [45]. Due to optical transparency, these wings exhibit a stable diffraction pattern with
coherent laser beams of different types. The experimental set up is shown in Figure 4.4. A
green laser (spot size = 2 mm) was irradiated on the wing mounted on the path of the laser,
and the diffraction pattern was captured on a screen that was mounted 20.5 cm away from
the wing. This produced a characteristic pattern with a central bright spot and two higher
order maxima as shown in Figure 4.4(a). From the average distance between these maxima
we estimated an existence of quasi-periodicity of the micro-structures with an average spa-
tial period of 10 µm over mm length scale. This suggests the existence of a quasi periodic
distribution of thicker islands, and consequently, a long-range quasi periodic modulation of
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friction and adhesion on the wing surface is also established.

To conclude, we have observed strong spatial modulation of nano-scale friction and adhe-
sion on the transparent insect wings. There are microscopic islands composed of nanowire-
like structures on which the AFM tip experiences higher friction and lower adhesion as
compared to the background which is decorated with granular nano-particles. The nano-
scale mechanical properties of the wings are correlated with the topographic features over
the entire wing. Optical diffraction experiments demonstrate that the islands responsible
for modulation of friction and adhesion exhibit long range spatial order. In addition to the
outstanding aerodynamic, self-cleaning, and anti-wetting properties, the observed unique
nano-scale mechanical properties might provide new design ideas for biomimetic miniature
devices with enhanced functionalities.
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Chapter 5

High Temperature Ferroelectricity in
SrTiO3 crystals

SrTiO3 is known to be an incipient ferroelectric. It is thought that ferroelectric stability in
SrTiO3 is suppressed by a delicate competition with quantum fluctuation and antiferrodis-
tortion. The ferroelectric phase can, however, be stabilized by doping, isotope manipulation
and strain engineering etc. Till date ferroelectricity in SrTiO3 thin films was observed to
exist up to room temperature – that was when the films were grown on specially engineered
substrates using complex growth techniques. It was possible to write and erase ferroelectric
domains on the specially engineered films at room temperature. Here, we show remarkably
similar ferroelectric behavior in bulk (110) single crystals of SrTiO3 with no special en-
gineering well above room temperature using piezoresponse force microscopy. Hysteretic
switching of local electric polarization was observed and electrically active domains could
be written and erased using lithographic techniques at remarkably high temperatures up to
420K.

Strontium titanate (SrTiO3) has found wide range of application as a substrate for the epitax-
ial growth of functional oxide thin films because of its high dielectric constant.[46] The list
of oxides that have been successfully grown on SrTiO3 with high degree of epitaxy includes
high temperature ceramic superconductors, colossal magnetoresitive manganites, itinerant
ferromagnets etc.[47, 48, 49] More recently, it has been shown that a two-dimensional elec-
tron gas is formed under certain conditions at the interface of insulating SrTiO3 and insu-
lating LaAlO3 (LAO) where novel interplay between superconductivity and magnetism has
been reported.[47, 50] Therefore, the bulk and surface properties of SrTiO3 have attracted
considerable attention in contemporary condensed matter physics.
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Figure 5.1: (a) Schematic description of the PFM technique. The switching waveform in the
DART-PFM switching spectroscopic mode is also shown.(b) PFM phase hysteresis and (c)
butterfly loops at 300K at three different points in the “off” state. (d) PFM phase hysteresis
and (e) butterfly loops at 420K at three different points in the “off” state as in (d).
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SrTiO3 crystallizes in the cubic perovskite structure in its paraelectric phase and is known
to lead to a cubic to antiferrodistortive phase transition at 105K.[51, 52, 53] From first
principle calculations, it was inferred that SrTiO3 might possibly have a low tempera-
ture (40K) ferroelectric phase under hydrostatic pressure or strain.[54] As the ferroelec-
tric phase was not experimentally detected it was believed that quantum fluctuations for-
bade a stable ferroelectric phase at low temperatures.[53, 55] The idea of quantum fluctua-
tions was further supported by the observation of a ferroelectric phase when the oxygen
of SrTiO3 was replaced with the 18O isotope.[56] However, more recently, it has been
shown that ferroelectricity in epitaxial thin films of SrTiO3 could be induced by strain
engineering.[57, 58, 59, 60] Nevertheless, the consensus has been that the ferroelectric
transition cannot be observed in pure bulk crystals of SrTiO3. However, more recently,
by superior thin film deposition methods a room temperature ferroelectric phase of strain-
free SrTiO3 film could be achieved.[109] The observation of ferroelectricity in strain free
SrTiO3 naturally leads to the idea that room temperature ferroelectricity might, in princi-
ple, be possible in bulk single crystal of SrTiO3 as well. In fact, from computer simulation
[62], low-energy electron diffraction[63] and surface x-ray diffraction[64] it was argued that
surface ferroelectricity in a few monolayers of bulk SrTiO3 should be possible. In this Let-
ter,we show that the surface of SrTiO3 shows hysteretic switching of polarization with DC
bias. It is also possible to write and erase ferroelectric domains on single crystals of SrTiO3

at remarkably high temperatures up to 420K indicating the existence of ferroelectricity in
bulk SrTiO3 at such high temperatures.

In order to probe ferroelectricity in bulk single crystals of SrTiO3, we employed piezore-
sponse force microscopy (PFM) and switching spectroscopy. In this measurement a can-
tilever with a conducting tip is mounted in an atomic force microscope (AFM) and is elec-
trically connected to a DC high-voltage (up to 220V ) amplifier and a lock-in amplifier. The
lock-in amplifier sends a sinusoidal voltage (Vacsinwt) to the cantilever, which is brought
in contact with the sample during PFM measurements. The amplitude response from the
cantilever in the contact mode is probed as function of w in order to find the in-contact res-
onance frequency (wr) of the cantilever. The measurements are performed at wr in order to
obtain maximum sensitivity. It is believed that a 1800 switching of the phase of the response
signal from the cantilever is a signature of ferroelectricity. The switching behaviour should
also be hysteretic when a DC voltage (Vdc) is swept on the cantilever. This is attributed
to the switching of the ferroelectric domains in the ferroelectrics. On the other hand, hys-
teretic amplitude vs. voltage curve, also known as a “butterfly loop”, is the hallmark of
piezoelectricity.
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Figure 5.2: (a) Phase image of a circular domain written at room temperature by applying
+30V and (b) phase image of the domain after applying −30V at the center of the domain
written in (a).

A (110) single crystal of SrTiO3 (from MTI Corporation) was cut into a 3mm×3mm piece
and was loaded on a metallic sample holder. The sample holder was mounted on the sample
stage of an AFM where the metallic sample holder was internally connected to the ground
of the high voltage amplifier. In order to measure temperature dependence of the data,
we had mounted a heating kit in the AFM. The sample was in direct thermal connection
with the hot surface of the heating kit. The heating kit was capable of raising the sample
temperature up to 570K. The cantilevers that were used for these measurements were made
of silicon and coated with 5nm of titanium and 20nm of iridium. The spring constant of
the cantilever was 2N/m with its natural resonance frequency in air around 70kHz. The
in-contact resonance frequency of the cantilever on SrTiO3 was found to be in the range of
290− 310kHz.

It should be noted that hysteretic phase switching and butterfly loops may also originate
from reasons other than ferroelectricity and piezoelectricity in PFM.[65, 66] One of the
possible reasons could be the local electrostatic effects. In order to mitigate this effect, all
the spectroscopic data reported here were measured by employing a switching spectroscopy
PFM (SSPFM) protocol pioneered by Jesse et.al., where a sequence of DC voltages in
triangular saw tooth form was applied between the conducting cantilever and the SrTiO3 as
shown in Figure 5.1(a).[67, 68] The measurement was carried out in the “off” state of the
pulses. As shown in Appendix A, there is a significant difference between the “on” state and
the “off” state data. This suggests that the local electrostatic effects have been minimised
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during the spectroscopic measurements. The electro-chemical response in the presence of
a high DC bias may also mimic the ferroelectric like hysteresis effects. Usually one clear
signature of an electrochemical reaction is the formation of topographic structures on the
surface.[65, 66] However, in the present case, no topographic structure growth was noticed
(see Appendix A).

In Figure 5.1 (b) and Figure 5.1 (d), we show the phase voltage hysteresis obtained at
300K and 420K respectively at three different points. From a visual inspection of the data,
it is clear that the phase switches by 180o with a coercive voltage of approximately 10V .
The switching is sharp at 10V beyond which the hysteresis curve saturates. As shown in
Figure 5.1(c) and Figure 5.1(e), the amplitude vs. Vdc curves also show hysteresis and form
“butterfly loop” at 300K and 420K respectively at three different points. This is believed
to be the signature of piezoelectricity. By analysing the data, we have extracted the value of
the piezoelectric coefficient which is 0.422nm/V at 300K. For temperatures above 420K,
no piezoelectric or ferroelectric like response was observed on SrTiO3.

As it has been discussed before, based on the observation of hysteresis curves alone the
ferroelectric phase of SrTiO3 cannot be confirmed. Therefore we have attempted to write
ferroelectric domains on SrTiO3 using a conducting cantilever. A tip made of Silicon coated
with 5nm of titanium and 20nm of iridium and spring constant 2N/m was used to write
a circular domain using lithography. A circular domain was written by applying +30V

on 11µm × 11µm area on the surface of bulk SrTiO3 crystal. After writing the domain
the area was scanned in regular PFM imaging mode. The height image did not show any
modification while a bright circular domain was clearly visible in the phase image (Figure
5.2(a)). After that we applied a negative voltage (−30V ) on a smaller concentric circular
area inside the bright domain. When we imaged the domain again after the second writing,
we observed a dark spot at the center of the bright domain. The phase difference between
the bright region and the dark region was 180o indicating that the polarization at the central
dark region was reversed due to the application of a negative voltage. Therefore, we have
successfully written and erased a ferroelectric domain on the surface of bulk SrTiO3 crystal.
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Figure 5.3: (a) A circular domain written on bulk SrTiO3 with +30V on a 8µm×8µm area
at 300K. The PFM Phase images of the domain at different temperatures: (b) 330K (c)
360K (d) 390K (e) 420K; (f) Phase image (at 300K of the domain written with +30V at
440K and then immediately cooling the sample down to 300K.

We also attempted to image the natural ferroelectric domains by regular and vector PFM.
However, distinct domain structures were not observed. It is possible that the natural do-
mains do exist but we cannot image them by PFM due to large tip size (∼ 25nm) that limits
the lateral resolution of the images.

In order to estimate the Curie temperature of the ferroelectric phase, temperature depen-
dence of an artificially written circular domain was studied. We first wrote the circular
domain of diameter 6 µm by PFM lithography with an applied voltage of +30V on SrTiO3

at 300K. The domain was then imaged using DART PFM at different temperatures as
shown in Figure 5.3: 300K (Figure 5.3(a)), 330K (Figure 5.3(b)), 360K (Figure 5.3(c)),
390K (Figure 5.3(d)) and 420K (Figure 5.3(e)). From visual inspection alone it is clear
that with increase in temperature the domain structure written at 300K starts disappearing,
the diameter shrinks, and it disappears completely at 420K (also see Appendix A). After
imaging the domain at every temperature we have also performed spectroscopic measure-
ments in order to investigate the evolution of the relevant parameters like the coercive field
and the piezoelectric constant. The spectroscopic data are presented as insets in Figure
5.3. Surprisingly, no systematic temperature dependence of the ferroelectric/piezoelectric
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parameters was noticed. However, no spectroscopic piezo and ferroelectric response on
temperature above 440K could be found.

In order to investigate the time dynamics of the domains we have also measured the relax-
ation time (the time over which the domain completely disappears) of the domains. The
domain survives for 12-14 hours at room temperature (see appendeix 1). As the tempera-
ture was increased from 300K up to 420K, the relaxation time significantly decreases from
12-14 hours to 2-3 minutes. It was possible to write a domain even at 440K but due to
very short lifetime of the domain at this temperature the domain relaxed before it could be
imaged. However, when we wrote the domain at 440K and immediately cooled the sam-
ple down, the domain did not fully relax and it was possible to image the domain at room
temperature (Figure 5.3(f)).

From the data presented above it is clear that the surface of SrTiO3 is electrically active
and the electrical response is hysteretic. In this context it should be noted that in the past
the controlled bilayers of SrTiO3 and LaAlO3 were also shown to be electrically active
where the hysteresis effects were observed and electric domains were written.[69, 70, 71]
Such behaviour was attributed to the existence of an exotic interface in the SrTiO3/LaAlO3

bilayers. Since we observe similar effects on the surface of bulk SrTiO3 alone, the origin of
such effects in the SrTiO3/LaAlO3 bilayers should be revisited.

The surprising observation of very high temperature ferroelectricity in pure crystals of
SrTiO3 is not understood at present and further theoretical investigation is required. Qual-
itatively, the observation may be attributed to a voltage induced strain[72] on the surface
developed during the spectroscopic measurement and domain writing. When a DC volt-
age is applied on the surface through the conductive tip, the effective electric field is very
large. At such high electric fields the lattice may distort in the direction of the applied field
due to electrostriction. This distortion results in a change in the Ti-O bond length. This
change breaks the inherent centrosymmetric nature of the cubic crystal structure of SrTiO3

and induces electric polarization. It is not surprising that the lifetime of the induced strain
is temperature dependent as at higher temperature the field-induced distortion should relax
faster. The important thing to note, however, here is that the induced polarization has a
rather long lifetime at room temperature. The microscopic mechanism leading to such long
relaxation time should be investigated.

In conclusion, we have performed piezoresponse force microscopy on (110) single crystals
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of SrTiO3 and found the evidence of a ferroelectric phase up to 440K. It was possible to
write and erase electric domains using conducting cantilevers on the surface of the crystals.
From the temperature dependence of the hysteresis effects and the electric domains we
conclude that the ferroelectric Curie temperature is more than 440K. Based on the results
presented here the origin of the exotic electric behaviour of the SrTiO3/LaAlO3 interfaces
should be revisited.
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Chapter 6

Evidence of strong ferroelectricity in a
thermoelectric semiconductor

Owing to their potential to efficiently convert waste heat into electricity, nanostructured
thermoelectrics have been enjoying a renaissance period in recent times. Instead of second
phase nanostructuring if naturally occurring electrically active nano-domains could facili-
tate the control of the interdependent thermoelectric parameters, that would not only open
up new directions for achieving higher thermoelectric performance through domain engi-
neering but also give the flexibility of tuning the thermoelectric properties by electric field.
In order to accomplish this, it is most important to first identify the existing high perfor-
mance thermoelectric materials containing such electrically active nano-domains and study
the role of the domains in generating superior thermoelectricity. Herein, through the direct
measurement of local polarization switching, for the first time, we show that the thermo-
electric semiconductor AgSbSe2 has local ferroelectric ordering . Using piezo-response
force microscopy, we demonstrate the existence of nanometer scale ferroelectric domains
that can be switched by external electric field.

Thermoelectric materials enable direct and reversible conversion of untapped heat into
electrical energy and will play a significant role in the future energy management. The
effectiveness of thermoelectric materials is evaluated by a dimensionless figure of merit,
zT = σS2T/(kel + klat), where σ, S, T , kel and klat are electric conductivity, Seebeck
coefficient, temperature, electronic thermal conductivity and lattice thermal conductivity
respectively [73, 74, 75, 76, 77, 78]. Recently, the field of thermoelectricity witnessed a
revolution with the emergence of wide variety of novel materials with increasingly high
zT [79, 80, 81, 82, 83, 84]. For increased zT , the materials need to have either high power
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factor (σS2) or low thermal conductivity (k) or both at the same time. In the past, the
increase in zT was mainly accomplished by either lowering the dimensionality of the
systems or by the introduction of second phase nanostructures in the matrix of existing
thermoelectrics[79, 82, 83]. Infact, remarkable decrease in klat has been achieved via en-
hanced phonon scattering by solid solution point defects, second phase nanoprecipitates
and meso-scale grain boundaries[85]. However, complex technical issues involved with the
synthesis of efficient materials with tailored nanostructures and low dimensional nanoma-
terials; and their thermal instability have limited their application. Therefore, improvement
of thermoelectric performance through novel technological innovation has remained to be
an outstanding issue.

Figure 6.1: Direct evidence of the ferroelectric and piezoelectric response of AgSbSe2 us-
ing a conductive Pt/Ir coated tip studied by Piezoresponce force microscopy (PFM). (a)
Schematic of the PFM technique presenting the switching waveform in the DART PFM
spectroscopic mode and the tip movement in Vector PFM mode. (b) Tuning of the con-
ducting AFM cantilever in DART PFM mode prior to spectroscopic measurements. (c)
PFM phase hysteresis loop and (d) butterfly loop measured at three different points in the
“off”-state.
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Investigation of the thermoelectric property of ferroelectric materials was considered in
several contexts in the past. For example, ferroelectric Aurivillius phase, Bi4Ti3O12,
exhibited low thermal conductivity.[86] Single crystal of the relaxor ferroelectric oxide,
Sr1−xBaxNb2O6, showed low thermal conductivity and high power factor[87]. In relaxor
ferroelectrics, nanopolar regions associated with intrinsic localized phonon modes provide
glass-like phonon characteristics due to extensive phonon scattering[87]. In the lead chalco-
genides, which are known to be high performance thermoelectric materials, local ferroelec-
tric distortion has been observed by pair distribution function analysis of temperature de-
pendent neutron diffraction data[88]. Using combination of inelastic neutron scattering and
first principle calculations, strong anharmonic coupling between ferroelectric transverse op-
tic mode and longitudinal acoustic modes have been evidenced in PbTe, which has been
shown to be important for low thermal conductivity[89]. In certain systems, it was found
that the itinerant electrons responsible for electrical conductivity were strongly coupled
with the ferroelectric polarization [87, 90]. Therefore, in principle, by tuning ferroelec-
tric properties it should also be possible to tune electrical properties, hence thermoelectric
properties, in those systems[91]. Consequently, the ferroelectric materials with high elec-
trical conductivity could be potential superior thermoelectric materials. In such systems,
the nano-meter scale ferroelectric domain boundaries could act as potential scatterers of the
mid/long mean free path phonons thereby limiting the thermal conductivity and enhancing
zT . However, complete understanding of the correlation between ferroelectric and thermo-
electric properties, so far, has remained elusive. This understanding is extremely important
in order to be able to design novel materials with superior thermoelectric properties by
hitherto unexplored techniques like engineering of ferroelectricity in semiconductors. In-
vestigating the possibility of the existence of ferroelectric ordering in novel thermoelectric
materials is, therefore, a major step forward to this direction.

Here, we present the existence of ferroelectricity in a new thermoelectric semiconductor
AgSbSe2, which crystallizes in cubic rock salt structure (space group, Fm − 3m) with
disorderd Ag and Sb positions. AgSbSe2 is a p-type semiconductor that shows high zT
of ∼ 1.2 when properly doped[92, 93]. The high zT was attributed to enhance electri-
cal conductivity and low lattice thermal conductivity. The low lattice thermal conductivity
arises due to the presence of high degree of anharmonicity in the Sb − Se bond[94, 95].
Our observation of the existence of strong local ferroelectricity in AgSbSe2 indicates that
enhanced phonon scattering might also emerge from the nano-meter sized ferroelectric do-
main walls. The contribution of phonon scattering originating from different processes is
expected to add up linearly and give rise to a net effective thermal conductivity. Within
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the scope of the thermal conductivity measurement technique employed by Guin et.al.[94],
selective measurement of different types of scattering could not be performed.

In order to investigate ferroelectric properties of AgSbSe2, we employed piezo-response
force microscopy (PFM). A schematic diagram describing the experimental details has been
provided in Figure 6.1(a). We engaged a conductive tip mounted on a conductive cantilever
on the surface of a rectangular piece of AgSbSe2. For probing the piezoresponse of the
microscopic region underneath the tip, an ac voltage Vac was applied between the tip and
the sample mounted on a metal piece which was directly connected to the ground of the
voltage source. The frequency of Vac was swept and the amplitude response of the cantilever
in the contact mode was recorded in order to identify the contact resonance frequency of the
cantilever on the sample. All the measurements presented in this paper were performed at
the contact resonance frequency in order to achieve highest sensitivity. As shown in Figure
6.1(b), the contact resonance frequency varied between 270 kHz to 300 kHz during our
measurements.

For PFM spectroscopy, the ac voltage V = Vaccosωt is mixed with a dc voltage (Vdc)

and the sum Vtip = Vdc + Vaccosωt is applied between the tip and the sample. If the
sample is piezoelectric, the area underneath the tip will be deformed due to the application
of the electric field. Since the applied field has a periodic component, the amplitude of
deformation can be written as A = A0 + Aωcos(ωt + φ), where φ is the phase difference
between the applied field and the amplitude response. φ gives information about the electric
polarization direction below the tip. Depending on the direction of the applied Vdc, the
polarization underneath the tip switches direction. This is expected to give rise to a 1800

shift in φ vs Vdc curve as passes through Vdc = 0. In general, for ferroelectric switching,
the phase φ switches hysteretically and shows a finite coercive voltage. In Figure 6.1(c)
we show the hysteresis loops obtained at three different points on AgSbSe2. The hysteretic
1800 phase switching is clearly visible. For piezoelectric samples, when amplitude Aω
is plotted against the sweeping Vdc, the curve is expected to be hysteretic resembling a
butterfly. This is called a “butterfly loop” which is traditionally considered to be a hallmark
of piezoelectricity. The representative butterfly loops measured at three different points on
AgSbSe2 are shown in Figure 6.1(d)

Observation of hysteretic phase switching and “butterfly loops” indicate that AgSbSe2
has ferroelectric and piezoelectric properties. However, it should also be noted that such
hysteresis in phase and amplitude may also arise from electrostatic and electrochemical
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effects[96]. In order to minimize the role of the electrostatic effects, all the measure-
ments were performed following SS-PFM (switching spectroscopy piezoresponse force
microscopy) pioneered by Jesse et.al.[97, 98]. In this method, instead of sweeping Vdc con-
tinuously, it is applied in sequence of pulses and the phase and amplitude measurements are
done in the “off”-states of the pulses. The difference between the “on”-state and the “off”-
state measurement results is significant indicating that the electrostatic effects have been
minimized in the “off”-state measurements. The possibility of electrochemical reactions
under the tip is ruled out by topographic imaging after the spectroscopic measurements,
where we do not observe any topographic modification that is usually expected to result
from tip-induced electrochemical processes[96]. However, ruling out the above-mentioned
possibilities with absolute certainty may not be possible by spectroscopic measurements
alone. In addition to the hysteretic switching effects, the observation of domains on the
sample surface would be unambiguous proof of ferroelectricity. We present the observation
of ferroelectric domains by PFM imaging in the following section.

PFM imaging was done by bringing the tip in contact with the sample, applying the volt-
age Vac on the tip and scanning the tip on the sample while keeping the deflection of the
cantilever constant. If the electric polarization is opposite in two different domains, the
measured value of φ varies by 1800 between the two domains. By plotting the magnitude of
φ as a function of the position of the tip, a PFM image exhibiting the distribution of ferro-
electric domains on the sample surface is constructed. During PFM imaging the resonance
frequency might shift as the cantilever rubs against the surface and interacts differently with
the sample at different points. In order to track the contact-resonance in real time the mea-
surements were done in so-called DART (dual ac resonance tracking) mode[100]. In Figure
6.2(a) we show the topographic image of a 2µm x 2µm area. In Figure 6.2(b) we show the
phase image corresponding to the same area. The phase image shows regions with high
(bright) and low (dark) values of φ. From the bright to the dark region the phase φ shifts by
180o indicating that the bright and dark regions are respectively ‘up’ polarized and ‘down’
polarized ferroelectric domains.

In the imaging method described above only the vertical amplitude and phase response on
the photodiode are recorded. The image thus obtained gives information about the compo-
nents of electric polarization along the directions parallel and antiparallel to the axis of the
tip. By probing the lateral deflection of the cantilever it is also possible to image the do-
mains where the polarization axis remains on the plane of the sample surface. The images
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Figure 6.2: (a) Topography of a 2µm × 2µm area on the sample. (b) PFM phase image
showing nanometer scale domains in the same area as in (a). (c) Topography of a 3µm ×
3µm area on the sample. (d) Lateral PFM phase image showing nanometer scale domains
in the same area as in (c).

of the lateral domains of a 3µm x 3µm area (topography shown in Figure 6.2(c)) is pre-
sented in Figure 6.2(d). Bright and dark regions comprising of domains of different electric
polarization are clearly visible in the image. There is absolutely no correlation between
the topographic and the phase image confirming that the phase image is not affected by the
topography.

From the above results it can be inferred that AgSbSe2 has local ferroelectric properties.
Since AgSbSe2 crystallizes in the centro-symmetric structure, the observation of ferroelec-
tricity is surprising. It is therefore necessary to understand the origin of ferroelectricity in
AgSbSe2.

AgSbSe2 is a member of cubic I−V −V I2, where I = Cu, Ag, Au or alkali metal; V = As,
Sb, Bi; and VI = Se, Te. In AgSbSe2, the valence electronic configuration of Sb is 5s25p3,
where only 5p3 electrons take part in the formation of bonds with the Se valence electrons,
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while the beguiling 5s2 electrons of Sb form lone pairs. Such ns2 lone pairs electrons are
often found to effective to distort the local structure, resulting in local dipole in the global
centro-symmetric structure[88, 101, 102, 103, 104]. Thus, lone pair induced local distortion
in the structure may gives rise to ferroelectric properties in AgSbSe2.

Figure 6.3: Nanoscale architecture of AgSbSe2. (a) Low magnification TEM image of
AgSbSe2. (b) Fast Fourier transform (FFT) pattern of (a). Arrows in (b) show the weak su-
perstructure spots. (c, d) High resolution TEM images of AgSbSe2, dotted portion showing
nanoprecipitates with the doubling of lattice parameter compared to matrix.

In order to investigate the nanoscale architectures, we have performed transmission elec-
tron microscopic (TEM) investigation on pristine AgSbSe2 (Figure 6.3(a)). Although ear-
lier powder X-ray diffraction measurements of AgSbSe2 indicated that Ag and Sb position
were disordered in the cation site of the NaCl-type structure[92], careful TEM studies re-
vealed the evidence of local Ag/Sb ordering in nanoscale regions distributed throughout
the AgSbSe2 sample. We have also observed weak superstructure spots in the electron
diffraction along the < 110 > and < 201 > direction (arrows in Figure 6.3(b)), which
resulted due to ordering of Ag and Sb atoms in AgSbSe2. Figure 6.3(c) and Figure 6.3(d)
depict representative high resolution TEM (HRTEM) images of AgSbSe2 at two different
locations of the sample. Close inspection of the images reveal the presence of two types
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of region in the sample. The dotted marked region in the image are nanodomains with
doubled lattice parameter (Figure 6.3(c)), which might have formed due to local cation
ordering in the AgSbSe2. Similar ordering of cations in AgSbTe2 had been earlier pre-
dicted by first-principle calculations for ground state structure [105, 106] and were recently
observed by inelastic neutron scattering and TEM investigations in AgSbTe2 [107]. Re-
cent electrical transport measurements on cubic AgBiS2 nanocrystals also indicated the
presence of cation ordering near room temperature[84]. The local cation ordering in the
nanoscale regime might alter the structure making it non-centrosymmetric locally, which in
turn could be responsible for the observed local ferroelectricity in AgSbSe2.

It was suggested in the past that ferroelectric domain-walls might scatter phonons causing
a reduction of klat and enhancement of zT [108]. The effect of ferroelectric domains on
the thermoelectric properties may be further investigated by artificially designing the do-
main structures by nanostructuring and/or by fabricating epitaxial thin films on different
substrates[109].

In conclusion, we have performed piezoresponse force microscopy on AgSbSe2 and ob-
served the signature of strong local ferroelectricity and piezoelectricity. From nanoscale
structural analysis we show that natural formation of superstructure nanodomains in the
sample makes the local crystal structure to be non-centrosymmetric, thereby inducing fer-
roelectricity. The local dipole could also be created due to the local structural distortion
caused by Sb 5s

2lone pair. Nano-meter scale ferroelectric domains were clearly imaged
by PFM. The naturally occurring ferroelectric domain-walls might act as effective scatter-
ers for phonons and reduce the thermal conductivity of the materials. Our results suggest
that ferroelectricity may favour enhanced thermoelectric properties. Therefore, enhancing
thermoelectricity by ferroelectric domain engineering might emerge as a promising field
of research. Further, it would be interesting to search for ferroelectricity in other known
I − V − V I2 thermoelectric semiconductors.

Eight new oligomeric mesogens are reported consisting of an azobenzene-based core at-
tached to which are four 4-cyanobiphenyl units via flexible alkyl spacers (n = 5-12). The
oligomers containing n = 8 and n = 10 were found to exhibit a monotropic nematic (N) phase
while others were non-mesomorphic. Monolayer film properties of the nematic compound
(n = 10) were studied at air-water interface (Langmuir monolayer) and air-solid interface
(Langmuir-Blodgett film or LB film). We have carried out atomic force microscope (AFM)
studies on LB films transferred onto freshly cleaved hydrophilic mica substrates. The AFM
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images in the less density areas showed domains of height of about 2 nm, which corre-
sponds to the estimated height of the molecule showing the formation of monomolecular
film. Temperature dependent AFM topography was carried out with the film that showed
the reversible formation of aligned fibers ( 20-40 nm) in the mesophase.

The film was transferred onto hydrophilic and hydrophobic solid substrates by vertical LB
technique and the wetting behavior was studied using atomic force microscopy (AFM). Our
analysis showed that the film transferred onto a hydrophobic silicon substrate dewets to
yield nanodroplets associated with mechanism of spinodal dewetting. Temperature depen-
dent AFM topography indicated that the film showed the reversible formation of aligned
fibers in the mesophase. Identification of the temperature dependent structural morphol-
ogy leading to the formation of aligned microstructures is not only fundamentally signif-
icant, but also practically important because it enables rational design and controlling the
anisotropic properties of the ordered phase for various applications.

Topography image of the LB film transferred onto a hydrophilic mica substrate at a surface
pressure of 35 mN/m is shown in Figure 7.1. In less dense areas the topography showed a
uniform film with a height of about 2.1 nm.

In high density areas (Figure 7.2) the film shows network of thin fibres varying between
10 nm to 80 nm. Interestingly, the AFM topography of the films showed the formation
of nanodroplets (Figure 7.3(a) and 7.3(b)). The height of the nanodroplets varied between
20-80 nm and did not correspond to the bilayer thickness.

As the most intriguing properties of LC materials are exhibited at mesophase, we thought
that it would be worth to look the film topography as a function of temperature.Figure 7.3(c)
shows the AFM images of the LB films (shown in 7.3(a) and 7.3(b)) at 114 ◦C. This was
achieved by heating the film to the isotropic temperature (126 ◦C) followed by cooling it
to the mesophase temperature. Very interestingly, we observed well-defined aligned fibers
(in the same direction) of 20-60 nm at 114 ◦C under AFM. The film was cooled back to
room temperature that showed again the formation of small droplets as was seen earlier
prior to heating the sample in the film. This result demonstrated that LC mesophase play
an important role into the formation of aligned fibers. This result suggested the reversible
transformation of the droplets to fibers and vice versa in the mesophase and at room tem-
perature, respectively.
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Appendix A

Comparison with “on”-state data: In Figure 1 we show the spectroscopic data captured in
the “on”-state of the pulse applied. In comparison to the “off”-state data (see the main Let-
ter), the overall shape of the “on”-state data is significantly different for all the points. The
“on”-state loops are narrower and saturate much faster. The significant difference between
the “on”-state and the “off”-state data confirms that the electrostatic effects were minimized
in the switching spectroscopy mode.

Topography and phase – before and after domain writing: In Figure 2 we show data
complementary to the data presented in Figure 2 and Figure 3 in the main Letter. Here we
show that after writing the ferroelectric domains no surface modification was observed in-
dicating that the electrochemical effects were absent. While the phase image before writing
did not show any contrast, the circular domain clearly appeared in the phase image captured
after writing.

Reproducibility: Temperature evolution of a different domain: In Figure 3 we show
the temperature evolution of another circular domain (different from the one presented in
the main Letter). We show this here in order to present the reproducibility of the data. This
domain was written on a different piece of SrTiO3 crystal.

Time relaxation dynamics: In Figure 4 we show the time evolution of the domain at room
temperature. As it is seen, the domain does not completely disappear even after 11 hours
indicating that the artificially written domain has a large relaxation time.
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Figure A.1: (a) PFM phase hysteresis and (b) butterfly loops at 300K at three different
points in the “on” state.(d) PFM phase hysteresis and (e) butterfly loops at 420K at three
different points in the “on” state.
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Figure A.2: (a) Topographic and (c)phase image before writing. (b) Topographic and (d)
phase image after writing.
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[H]

Figure A.3: (a) A circular domain written on bulk SrTiO3 with +30V on a 14µm× 14µm
area at 300K. The PFM Phase images of the domain at different temperatures: (b) 320K
(c) 370K (d) 420K (e) 440K; (f) Phase image (at 300K) of the domain written with +30V
at 440K and then immediately cooling the sample down to 300K.

52



Figure A.4: Phase images showing the time evolution of the domain written at room tem-
perature by applying +30V and erased at center by applying −30V .
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