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INTRODUCTION

A microscope which is used to magnify, resolve and visualize a substance
that isimpossible to see by naked eyes, plays a vital role in various biological
studies. There are several types of microscopes with varying magnification and
resolving abilities operating in everyday biomedical research, from which three
are more commonly used — an optical microscope, an electron microscope and
an atomic force microscope.

This textbook provides a clear and comprehensive introduction to
the field, describing in detail the basic principles of the optical microscope,
the electron microscope and the atomic force microscope. Image formation by
lenses, ray tracing rulesin optical microscope, the optical principlesinvolved in
diffraction and microscope resolution are considered. The optical explanation
of spherical and chromatic aberrations and the way in which they are corrected
Is presented in the textbook.

The components of modern electron microscope and atomic force one as
well as the basic modes of their operation are discussed. Here advantages and
as well as limitations of these microscopes, the way they are operated and
the way they interact with the sample under investigation are considered. This
textbook aimed to compare optical, electron, atomic force microscopes in
relation to their use in biomedical research.



PART 1
LENSOPTICS

The unaided eye can distinguish object details not smaller than 75 microns
at a distance of the best vision. Specia devices are used for the investigation of
the microobjects. They allow to increase the image of the object ten, hundred
and thousand times.

1.1. LENSOPTICSCHARACTERISTICS

The main part of optical instruments, a lens is used to form an image of
an object by focusing rays of light from the object. Normally it is piece of glass
or other transparent substance bounded on two sides by spherical surfaces.
Each surface can be convex (bulging outwards from the lens), concave
(depressed into the lens), or planar (flat). The line joining the centers of
the spheres making up the lens surfacesis called the axis of the lens,

Lenses are classfied by the curvature of the two optical surfaces. A lensis
biconvex (or just convex) if both surfaces are convex. A lens with two concave
surfaces is biconcave (or just concave). If one of the surfacesisflat, the lensis
plano-convex or plano-concave depending on the curvature of the other
surface. A lens with one convex and one concave sSde is convex-concave or
meniscus. Thistype of lensis most commonly used in corrective lenses.

If the lens is convex or plano-convex, a parallel beam of light passing
through the lens is focused to a point on the axis (this focal point is known as
real focus), at a certain distance behind the lens. In this case the lens is called
a converging lens. The distance from the lens to the focal point is the focal
length of the lens, which is commonly abbreviated F in diagrams and equations.

If the lens is concave or plano-concave, a parallel beam of light passing
through the lensis diverged; the lens is thus called a diverging lens. The beam
after passing through the lens appears to be emanating from a particular point
on the axisin front of the lens; the distance from this point to the lensis also
known as the focal length, although it is negative in contrast to the focal length
of a converging lens (fig. 1.1). Focal point for the diverging lens is called
apparent or virtual focus.

Fig. 1.1. a— converging lens; b — diverging lens
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The properties of convex lenses. they converge rays, the focus of
the lenses is real; they are is thick in the center and thin at the edges.
The properties of concave lenses. they diverge rays, the focus of the lenses is
virtual; they are thin in the center and thick at the edges.

A thin lens isalens with a negligible thickness (distance along the optical
axis between the two surfaces of the lens) compared to the focal length of
the lens.

The main characteristic of the lens is its optical power. Optical power is
the degree to which a lens converges or diverges light. It is inversely
proportional to the focal length of the lens:

1

D=_. (1.1)

The shorter the focal length, the stronger the refraction in the lens and
the larger the value of the optical power. For converging lenses the optical
power is positive, while for diverging lenses it is negative. The most common
unit of the optical power measurements is dioptre:

1 dioptre=1 m™.

For two or more thin lenses close together, the optica power of
the combined lenses is approximately equa to the sum of the optical powers of
each lens:

D= Dl + D2. (12)

The optical power of alensin air can be calculated from the Lensmaker’s
equation:

D=(n- 9= - =9

eR Rog

where n is the refractive index of the lens material; R; is the radius of curvature

of the lens surface closest to the light source; R; is the radius of curvature of
the lens surface farthest from the light source (fig. 1.2).

- d——-

(1.3)

Fig. 1.2. Scheme of a converging lens
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1.2. IMAGE FORMATION BY THIN LENSES

A converging lens in air focuses a parallel light beam travelling along
the lens axis to afocal point at a distance F from the lens. Conversely, a point
source of light placed at the focal point will be converted into a parallel beam
by the lens. These two examplesillustrate the image formation in lenses.

The image produced by a converging lens can be constructed using just
three rays (fig. 1.3):

1. An incident ray which is parallel to the optic axis is refracted through
the image focus of the lens.

2. An incident ray which passes through the object focus of the lens is
refracted parallel to the optic axis.

3. An incident ray which passes through the optic center of the lens is not
refracted at all.

Fig. 1.3. Principal raysfor converging lenses

If an object is placed at a distance greater than the focal length away from
a converging lens, then it will form an inverted real image on the opposite sde
of thelens (fig. 1.4). The real image may be made visible on a screen.

Converging lenses form virtual images if the object distance is shorter
than the focal length. This image is located on the same side of the lens as
the object. Virtual image cannot be projected on a screen.

Diverging lenses form reduced, erect, virtual images. The image is aways
located between the object and the lens.

A real image is always formed on the side of the lens opposite to the object.
A virtual image will appear to be on the same side of the lens as the object.
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Fig. 1.4. Characteristics of the images obtained by the converging lens

1.3. THIN LENSFORMULA

The thin lens equation relates the object distance, image distance and focal
length. This equation is stated as follows:
1 1 1
—+— =, (1.4)
d f F

where d is the distance (measured along the axis) from the object to the center
of the lens; f is the distance (measured along the axis) from the image to
the center of the lens; F isthe focal length of the lens.

When using this equation, signs are very important. Distance d from
the object to the lensis always positive. Distance f from the imageto thelensis
positive for real images and negative for virtual ones. Focal length F is positive
for converging lenses and negative for diverging ones.

1.4. THINLENSMAGNIFICATION

The magnification of the lensis given by:
H f F

h d d-F’
where H isa size of an image; h isasize of an object.

(15)
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Notice that, if M is negative, asit isfor real images, the image is upside-
down with respect to the object. For virtual images, M is positive and the image
IS upright.

PART 2
OPTICAL ABERRATIONS

Lenses do not form perfect images. Lens errors or aberrations in optical
microscopy are caused by artifacts arising from the interaction of light with
glass lenses. In general, the effects of optical aberrations are to induce faults in
the features of an image being observed through a microscope. There are two
primary causes of aberration: geometrical or spherical aberrations are related to
the spherical nature of the lens and chromatic aberrations that arise from
variations in the refractive indices of the wide range of frequencies found in
visible light.

2.1. SPHERICAL ABERRATION

Simple lenses suffer from the fact that light rays entering different parts of
the lens have dlightly difference focal lengths. Spherical aberration causes
beams parallel to, but distant from the lens axis to be focused in a dightly
different place than beams close to the axis. This manifests itself as a blurring
of theimage (fig. 2.1).

Fig. 2.1. Spherical aberration: causes halos around points of light

Spherical aberration can be minimized by using lens elements of different
shapes to bring the more central and more peripheral rays to common focus
(fig. 2.2).

Also the spherical aberration can be reduced by using a variable-aperture
diaphragm (fig. 2.3). The pupil of the eye is an example of such adiaphragm.
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2.2. CHROMATIC ABERRATION

This type of optical defect is a result of the fact that white light is
composed of numerous wavelengths. When white light passes through
a convex lens, the component wavelengths are refracted according to their
frequency. Blue light is refracted to the greatest extent followed by green and
red light, a phenomenon commonly referred to as disperson (fig. 2.4).
The inability of the lens to bring all of the colors into a common focus results
in a dightly different image size and focal point for each predominant
wavelength group. This leads to color fringes surrounding the image.

It can be minimized by using an achromatic doublet (or achromat) in
which two materials with differing dispersion are bonded together to form
a single lens. This reduces the amount of chromatic aberration over a certain
range of wavelengths, though it does not produce perfect correction (fig. 2.5).
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Fig. 2.4. Chromatic aberration Fig. 2.5. Reduction of chromatic aberration
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PART 3
SIMPLE MAGNIFIER

The simple magnifier is a single converging lens used to increase
the apparent size of an object. This lens has focal length from 1 cm to 12 cm.
It is placed so that the object distance is less than the focal length. The virtual

image formed is enlarged, upright, and farther away from the lens than
the object (fig. 3.1).

Fig. 3.1. Examination of a small object through a simple magnifier

A simple magnifier serves to make the image on the retina larger than it
would be if viewed with the unaided eye by permitting the placement of
the object closer to the eye than the eye could normally focus.
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The angular magnification is the ratio of the angular size using
the instrument to the angular size with the unaided eye. The standard close
focus distance is taken as 25 cm, and the angular magnification is given by
the relationships below:

al
M, :Z’ (3.1
where ao is the angular size with the unaided eye; a is the angular size using

the smplifier.
The linear magnification of the magnifying glass is determined by
formula

(
M :2:;»?:0, (3.2),

where dp is the distance of normal vision (usually equa to 25 cm); d is
the distance from the object to the center of the lens; f is the distance from
the image to the center of the lens; F isthefocal Iength of the lens.

It may seem that a simple magnifier can be used for obtaining very large
magnification when its focal length is short. For instance, the magnification of
a magnifying glass with a focal length of 0,25 mm should be 1000. However, it
Is practically impossible to employ smple magnifiers with very short focal
lengths, and hence with very small diameters due to aberrations. So magnifying
glasses with a magnification exceeding 40 are not used.

PART 4
OPTICAL MICROSCOPY

4.1. FUNDAMENTALS OF AN OPTICAL M ICROSCOPE

A compound light microscope is an optical instrument that uses visible
light to produce a magnified image of an objects (that are too small to be seen
with the naked or unaided eye) that is projected onto the retina of the eye or
onto an imaging device.

The main components of optical microscope are an objective lens and
an eyepiece (ocular) one (fig. 4.1). Light microscope uses a beam of light to
create an enlarged image of the specimen.

The objective (convergent lens) is a lens with very short focal length.
The eyepiece or ocular (convergent lens) is alens with afocal length of afew
centimeters. The objective lens forms a real, inverted and magnified image
A:B; of the object AB, which is placed in front of the foca point of
the objective F;. This real image A;B; located between the eyepiece focal point
F, and the eyepiece serves as an object for the eyepiece, which produces
a magnified, virtual, inverted image A,B,. Thus the observer looking through
the eyepiece sees the magnified, virtual, inverted image A;B; (fig. 4.2).
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Fig. 4.2. Ray tracings in the optical microscope:

F, and F, are the respective objective and eyepiece focal points, AB is an object, A;B; is
image of the object formed by the objective, AB; is a virtual image seen in
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the eyepiece; L isan optical interval of the microscope
Microscope magnification M, shows how much an image is enlarged:
M, =B 4.0),
AB
where AB is the object's sze and AB, is the image size. The total
magnification of the compound microscope is defined as the product of
magnifications of the objective lens M, and the ocular lens M
Mm= Mgy - Me. (4.2
The magnification by the objective is the ratio of an optical interval of
the microscope (distance between focal point F; and focal point Fy) L to
the objective focal distance (distance between center of objective lens and focal
point Fq) fi:
M, == 4.3)
fl
The magnification by the eyepiece for an object isthe ratio of the distance
of best vision (distance of the most distinct vison (0,25 m) d to the eyepiece
focal distance (distance between center of eyepiece lens and focal point F») fa:
M, = da : (4.4)
1:2
Thus the total magnification of the optical microscope is defined as
the product of magnifications:

d>L
f,xf,

So for 10X objective magnification and 10X ocular one, total
magnification equals 10 X 10 = 100X (this means that the image being viewed
will appear to be 100 times its actual size). For a40X objective and 10X ocular,
total magnification equals 10 X 40 = 400X.

The ability of an optical microscope to view an object depends on the size
of the object relative to the wavelength of the light used to observe it. Sizes of
small details that can be discerned through a microscope depend on
the restrictions due to light diffraction. Diffraction is a deviation of light from
the rectilinear propagation as it passes around the edge of an object that is
physically the approximate size of, or even smaller than that light's wavelength.

m

(4.5)

4.2. RESOLUTION AND RESOLUTION LIMIT

Resolution is defined as the ability of a microscope to separate clearly two
points or details lying close together in the specimen. Resolution is best when
the distance separating the two tiny pointsis small (fig. 4.3).

The main characteristic of the microscope resolution is resolution limit.
Resolution limit Z of the microscope is the smallest distance between two

13



points on the object that can still be distinguished by the observer as two
[ution.

Unresolved Partially Resolved Resolved

A B C

Fig. 4.4. lllustration of resolution of two objects. As the resolution of these two objects
improves (A — B — C), the objects can be distinguished by the observer as two separate
entities

The German physicist Ernst Abbe has realized that the resolution of
optical imaging instruments, including telescopes and microscopes, is
fundamentally limited by the diffraction of light. According to Abbe’'s equation
for resolution limit for the linear form objectsis:

05l

lZ=—F, (4.6)
nsina
and for rounded objectsis:
Z= O,§ﬂ : 4.7
nsna

where A is the wavelength of light being used; n'sna is the numerical aperture
(NA) of the objective.
In the numerical aperture n represents the refractive index of the medium
between the objective front lens and the specimen, and a is the one-half angular
14



aperture of the objective. Aperture angle is the angle between the extreme rays
of the light beam, which enters in the lens from the object. This angle will
depend on the curvature of the lens and also on how close the objective lensis
to the specimen when it is in focus. The numerical aperture of a microscope
objective is a measure of its ability to gather light and resolve fine specimen
detail at a fixed object distance. Image-forming light waves pass through
the specimen and enter the objective in an inverted cone as illustrated in
fig. 4.5.
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Fig. 4.5. Aperture angle is the angle between the extreme rays of the light beam, which
enters in the lens from the object. a is the one-half angular aperture of the objective

Analyss of Abbe's equation will lead to the following inferences. as NA
increases resolution limit Z becomes smaller, that is the size of the distance
between adjacent points becomes smaller and hence resolution is better.

Modern microscopes with dry objectives (n = 1) have large enough
aperture angle exceeding 70 to 80 degrees (sin 70° = 0,94 = 1), therefore
the limit of resolution is approximately equa to half the wavelength of light
(Z = 0,50) being used. Light microscopes use visible light (which has
a minimum wavelength of 400 nm). This means that one will never be able to
see any object smaller than approximately 200 nm (about the width of
an average-sized bacterium) using a light microscope.

In practice, it is difficult to achieve numerical aperture values above 0.95
with dry objectives. Higher numerical apertures can be obtained by increasing
the imaging medium refractive index (n) between the specimen and
the objective front lens (fig. 4.6). In some microscopes (immersion
microscopes) to reduce the limit of resolution the space between the lens and
the subject can be filled with water (refractive index n = 1.33), glycerin
(refractive index n = 1.47), and immersion oil (refractive index n = 1.51). So,
for an objective with an aperture angle of 120° with air between specimen and
objective lens, NA =1 - sin 60° = sin 60° = 0.87. If oil with refractive index of
1.5 is used between the objective lens and the specimen, NA = 1.5 - sin 60° =
=1.5(0.87) =1.31.
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So, for air situation, Z = 0.5 - 400 nm/0.87 = 230 nm.
For oil immersion, Z = 0.5 - 400 nm/1.31 = 153 nm.

V.

Low N. A Higher N.A. Highest N.A.
Dry* “Dry" Oil Immersion
Objective Dbjectwe Objective

Fig. 4.6. Methods of the numerical aperture (NA) changing

At full aperture and with good oil immersion lenses it is possible to be
able to resolve dightly better than 200 nm. A majority of objectives in
the magnification range between 60x and 100x (and higher) are designed for
use with immersion oil.

Another way of optical resolution increasing is to use shorter wavelengths
A of light being used to illuminate the specimen. If shorter wavelengths A of
light are used (e. g. violet-blue end of the spectrum) the resolvable distance
becomes smaller and resolution is better. Shorter wavelengths are capable of
resolving details to a greater degree than are the longer wavelengths. Longer
wavelengths (e. g. red) yield poorer resolution. To increase the resolution,
shorter wavelengths can be used such as UV and X-ray microscopes. However,
it is practically impossible to make a lens which can focus X-rays effectively,
making an X-ray microscope is still a challenge for scientists and engineers.

PART 5
ELECTRON MICROSCOPY

5.1. FUNDAMENTALSOF AN ELECTRON M ICROSCOPE

In the 1920s, it was discovered that accelerated electrons behave in
vacuum much like light. They travel in straight lines and have wavelike
properties, with a wavelength that is about 100.000 times shorter than that of
vigble light. Furthermore, it was found that electric and magnetic fields could
be used to shape the paths followed by electrons similar to the way glass lenses
are used to bend and focus visible light. Ernst Ruska at the University of Berlin
combined these characteristics and built the first transmission electron
microscope (TEM) in 1931.

16



The wave particle duality concept of quantum physics asserts that all
matter exhibits both wave-like and particle-like properties. By combining some
of the principles of classical physics with the quantum theory, De Broglie
proposed that moving particles (with mass m and velocity ») have wave-like
properties and their wavelength can be calculated as

h h
| g 0 mu’ (5.0
where h is Plank’s constant and p is the relativistic momentum of the particle.
When an electron (with charge €) passes through a potential difference U
(acceleration voltage field), its kinetic energy with be equal to the energy of

thefield, i. e.:
%mu2 =eU. (5.2)

Knowing the rest mass of an electron m, and its charge e, one can
calculate the velocity v imparted by an electric potential U as:

_ [0
u== = (5.3)

and electron wavelength at that velocity as:
h h h

p mu 2meU

The higher the accelerating voltage U between cathode and anode, the less
electron wavelength A. The wavelength A of the electrons in scanning electron
microscope with the acceleration voltage U = 10 kV is then 12.3 x 1072 m =
= 12.3 pm, whilein a 200 kV transmission electron microscope the wavelength
A is 2.5 pm. The wavelength of electron beam is much more shorter than light,
resulting in much higher resolution (fig. 5.1).

Electron microscopes follow the same ideas of optical microscopes except
that they use a focused beam of electrons instead of light to “image’
the specimen and gain information as to its structure and composition. There are
two basic types of electron microscopes — scanning electron microscope (SEM)
and transmission electron microscope (TEM). In scanning electron microscope
an electron beam focused into a small probe scans the surface of the specimen
and the electrons released by the beam-specimen interaction are collected and
evauated which allows the generation of the surface features. In transmission
electron microscope specimen is a very thin section of tissue that allows
the electrons to be largely transmitted through the tissue. Cross section of
the column of a modern transmission electron microscope is showninfig. 5.2.

The electron column includes elements analogous to those of a light
microscope. The light source of the light microscope is replaced by an electron
gun, which is built into the column. The glass lenses are replaced by

| Br (5-4)
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electromagnetic lenses. Unlike glass lenses, the power (focal length) of
magnetic lenses can be changed by changing the current through the lens coil.
In the light microscope, variation in magnification is obtained by changing
the lens or by mechanically moving the lens. The eyepiece or ocular is replaced
by a fluorescent screen and/or a digital camera. In transmission electron
microscope a stream of electrons emerges from the electron gun (usually at
the top of the column). This stream is accelerated towards the specimen (with
a positive electrical potential) while is condensed into a nearly parallel beam
at the specimen by the condenser lenses. The specimen must be thin enough
to transmit the electrons, typically 0.5 um or less. Higher energy electrons
(i. e., higher accelerating voltages) can penetrate thicker samples. The sampleis
irradiated by the beam and interactions occur inside the irradiated sample,
affecting the electron beam. After passing through the specimen, transmitted
electrons are collected and focused by the objective lens and a magnified real
image of the specimen is projected by the projection lens onto the viewing
device at the bottom of the column. The entire electron path from gun to
camera must be under vacuum (otherwise the electrons would collide with air
molecules and be scattered or absorbed, and electron source (tungsten) would
blow).

Fig. 5.1. a — image of human platelets obtained by optical microscope (100X); b — image
of human platelets obtained by scanning electron microscope; ¢ — image of human platelet
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obtained by scanning electron microscope; d — image of platelet membrane allows to
understand the distribution of specific proteins on cell surface (the beta 3 antigen has reacted
with antibodies that are marked by 10 nm colloidal gold particles on an activated human
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Fig. 5.2. a— cross section of the column of amodern transmission eectron microscope: 1 —
filament (cathode); 2 — anode; 3 — condenser lens magnet; 4 — specimen; 5 — objective
lens magnet; 6 — projector lens magnet; 7 — final image on fluorescent screen; 8 — find
image on photographic film when screen islifted aside;
b — schematic cross section of the electron gun in an electron microscope

Fig. 5.2 also demonstrates schematic cross section of the electron gun in
an electron microscope Three main types of electron sources are used in
electron microscopes: tungsten, lanthanum hexaboride (LaB6 — often called
“lab six™), and field emission gun (FEG). A tungsten gun comprises a filament
(cathode), a Wehnelt cylinder, and an anode. These three together form a triode
gun, which is a very stable source of electrons. The tungsten filament is
hairpin-shaped and heated to about 2700 °C. By applying a high positive
potential difference between the filament (cathode) and the anode, thermally
excited electrons are extracted from the electron cloud near the filament and
accelerated towards the anode. The anode has a hole in it so that an electron
beam, in which the electrons may travel faster than two thousand kilometers
per second, emerges and is directed down the column. The Wehnelt cylinder,
which is held at a variable potential slightly negative to the filament, directs
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the electrons through a narrow cross-over to improve the current density and
brightness of the beam.

The most important differences between TEM and SEM are:

— rather than the broad static beam used in TEM, the SEM beam is
focused to a fine point and scanned line by line over the sample surface in
arectangular raster pattern;

— the accelerating voltages are much lower than in TEM because it is no
longer necessary to penetrate the specimen; in a SEM they range from 50 to
30,000 Volts;

— the specimen need not be thin, greatly smplifying specimen
preparation.

In SEM once the electron beam hits on the sample surface, electrons
(secondary electrons and backscattered electrons) and X-rays are emitted.
These emissions are detected and analyzed in order to put the material picture
on the screen. Secondary electrons, because of their very low energies, can
escape the sample to be detected only if they originate very close to the sample
surface. This gives secondary electrons images high spatial resolution and
strong topographic contrast. The backscattered electrons signal is used
primarily for its strong atomic number contrast. Characteristic X-rays are aso
widely used in SEM for elemental microanalyss.

Resolution limit Zgectmicroscope Of the electron microscope is given by
formula:

039 h
Zelect.microscope = ABr = 2A\/26IT]U ) (5.5)

where A is the numerical aperture of a electron microscope; h is the Planck
constant; m is the electron rest mass, e is the electron charge; U is the
acceleration voltage applied between anode and cathode of electron gun.

As follows from this equation when acceleration voltage of electrons U
between cathode and anode increases, the resolution limit of electron
microscope becomes smaller. The shorter wavelength of electron, the greater
resolution of electron microscope. In transmission electron microscopes
acceleration voltage of electrons reaches 200 kV and the resolution limit is
about 0.1 nm. The resolution limit of scanning electron microscopes varies
from 1 nm to 20 nm. Resolution in a SEM aso depends on the size of the spot
formed by the electron beam.

While SEM is operated in avacuum and also uses electronsin the imaging
process, special events should be followed in sample preparation.
The biological materials to be viewed in an electron microscope generally
require a special fixation. The only requirement is that the specimen must be
able to withstand the vacuum of the chamber and bombardment by the electron
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beam. For transmission electron microscope investigations, for example, there
may be first a chemical treatment to remove water and preserve the tissue as
much as possible in its original state, followed by embedding in a hardening
resin; after the resin has hardened, slices (sections) with an average thickness of
0.5 um are cut with an instrument called an ultramicrotome equipped with
a glass or diamond knife. The tiny sections thus obtained are placed on
a specimen carier. In chemical fixation for electron microscopy,
glutaraldehyde is often used to crosslink protein molecules and osmium
tetroxide to preserve lipids. The preparation of specimens to be investigated by
SEM is considerably simpler than the preparation of specimens for TEM.
To increase the scattering of electrons in the specimen, salts or oxides of heavy
metals (osmium, tungsten, uranium) are used. Biological specimens have to be
dried at low temperature in CO, atmosphere. Non-conducting biomedical
materials have to be coated by thin metal layer (Au, C, Ag — vaporised metals
are applied). Cryo-preparations are also used in SEM, particularly in biological
applications or organic materials (polymers).

PART 6
ATOMIC FORCE MICROSCOPY

6.1. FUNDAMENTALSOF AN ATOMIC FORCE M ICROSCOPE

AFM is a high resolution imaging technique that can resolve features as
small as an atomic lattice in the real space. It allows researchers to observe and
manipulate molecular and atomic level features.

In AFM, the tip mounted on a flexible force-sensing cantilever is brought
into gentle contact with the sample surface. By actuating the piezoelectric
scanner, the tip is raster scanning the sample surface. The force acting between
the tip and the sample causes minute deflections (bending) of the cantilever.
The deflections are detected by optical system and utilized as feedback signal.
By keeping the interaction sorce between the tip and the sample force constant,
a topographic image of the surface sample is obtained. A schematic
representation of the components of an AFM is shown in fig. 6.1.

A typical AFM consists of a cantilever with a small tip at the free end,
an optical system (a laser, a 4-quadrant photodiode), a piezoelectric scanner
and feedback loop.

The force sensor of AFM consists of a cantilever with a sharp tip (probe)
at one end. The topography of a sample is obtained by measuring and
modulating the interaction forces between the tip and the sample. In order to
achieve sufficient sensitivity for atomic resolution, the cantilever has to satisfy
several requirements. The cantilever must be flexible yet resilient, with a spring
constant which is small enough. Therefore, a change of interaction force of
a small fraction of a nanonewton (nN) can be detected. For atomic resolution
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AFM studies a sharp protruding tip must be formed at the end of the cantilever
to provide a well-defined interaction with the sample surface, presumably with
a sngle atom at the apex. Most AFM cantilevers used today are
microfabricated from silicon oxide, silicon nitride or pure silicon. There are
a microcale rectangular or “V”-shaped cantilever (fig. 6.2). For microfabricated
cantilevers the typical length is 50200 um and width — 5-50 pm.

Fig. 6.1. AFM and a schematic representation of the components of the AFM:
1 — alaser; 2 — acantilever; 3— asample; 4 — afour-quadrant photodiode; 5 —
a piezoelectric scanner; 6 — afeedback loop
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Fig. 6.2. Microscale rectangular (a) and “V”-shaped (b) cantilevers

Curvature radius of tip varies from 2 nm to 20 nm (fig. 6.3), depending on
tip type, and potentially can be as small as 0.5 nm for a single carbon nanotube.
Most AFM used nowadays are based on optical detection method for
sensing the small cantilever displacement. The laser beam is reflected by top
surface of cantilever (fig. 6.4). The deflection of the cantilever deflects the laser
beam, thus changing the proportion of light falling on position sensitive
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4-quadrant photodiode. The difference of the signals from four parts of
the photodiode is detected. Using this position senstive photodiode
the cantilever bending can be measured very precisely.

a

Fig. 6.3. Micrographs of cantilever (a) and tip (b) obtained by scanning electron microscope

photodiode

[
Fig. 6.4. Detection of cantilever deflection by optical beam deflection:

a— an equilibrium position; b — action of the attractive force; ¢ — action of the repulsive
force

The piezoelectric scanner provides a way of controlling the tip-sample
distance and moving the tip over the surface. The piezoelectric scanner is made
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of piezoelectric ceramic which changes its geometry when a voltage is applied,;
the voltage applied is proportiona to the resulting mechanical movement.
The piezoelectric effect underlies the piezoelectric scanner operation. There is
direct and reverse (or indirect) piezoelectric effect. The piezoelectric effect is
direct when electric voltage is generated as a result of the mechanical stress
of certain piezoelectric materials (such as quartz crystals and ceramics).
The piezoelectric effect is reverse when expansion or contraction of
piezoelectric materials is generated due to the application of a voltage.
The piezoelectric scanner in an AFM is designed to bend, expand, and contract
in a controlled, predictable manner. The sample (or tip) is assembled on
a piezoelectric scanner that besides enabling the scanning through
the displacement of the sample on the xy plan is responsible for the movement
on the z axis.

The principle of AFM operation is to scan the tip over the sample surface
with feedback mechanisms that enable the piezoelectric scanner to maintain
the tip at a constant force, or constant height above the sample surface. As
the tip scans the surface of the sample, moving up and down with the contour
of the surface, the laser beam deflected from the cantilever provides
measurements of the difference in light intensities between the upper and lower
photodetectors. Feedback from the photodiode difference signal, through
software control from the computer, enables the tip to maintain either
a constant force or constant height above the sample.

6.2. FORCE INTERACTION BETWEEN T1P AND SAMPLE

In general, the dependence of the interaction force F on distance r
between the atoms is described by:
a b
F(r)z'r—m+r—n. (61)
Constants a and b as well as the exponents m and n depend on the type of
interacting atoms and type of chemical bonds.
The dependence of the interaction force F on distance r between the atoms

of thetip and those of the sample is shown in fig. 6.5.
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Fig. 6.5. The dependence of the interaction force F on distance r between the atoms of
the tip and those of the sample

Atomic forces between a tip and a sample are electromagnetic ones.
The repulsive force is considered to be positive while the attractive force —
negative. Attractive and repulsive forces rapidly decrease as distance r between
the atoms of the tip and those of the sample surface increases. The atomic
forces of interaction are short-range forces. As the tip approaches towards
the sample surface, the cantilever bends towards the sample due to attractive
force (at distance r > rg). Attractive and repulsive forces balance each other at
the tip-sample distance ro. This equilibrium distance rg is about 0.3 nm. With
a further tip approaches towards the sample surface (the tip-sample distance is
less than ro (r < ro)) electron clouds of tip atoms and sample ones begin to
overlap and to repel each other, which leads to a repulsive force between the tip
and the sample surface. The repulsive forces decay rapidly with increasing
tip-sample surface separation.

6.3. MODESOF AFM OPERATION

The three general types of AFM imaging are contact mode, intermittent
mode and noncontact mode. In contact mode, the tip is in continuous gentle
contact with the surface sample to be analyzed, and set to scan the sample in
ax-y raster pattern (fig. 6.6).




Fig. 6.6. Schematic diagram of contact mode AFM operation

The condition of congtant interaction force is achieved by keeping
the cantilever deflection constant by means of a feedback circuit. While
rastering the tip goes through the repulsive (contact situation) regions of the tip-
sample interaction force. Measured force varies from 10 to 107 N.

The most common AFM mode for imaging biological samples is
intermittent contact, the latter also called tapping or dynamic mode. In the case
of tapping mode, the cantilever is oscillated at a frequency near its resonance
and the oscillation amplitude is measured (fig. 6.7). While rastering the sample
in x-y, the AFM tip briefly touches the sample at the bottom of each swing,
producing a decrease in the oscillation amplitude. The tip goes through both
the attractive (noncontact situation) and the repulsive (contact situation) regions
of the tip-sample force interaction during the oscillations. Tip-sample
interactions give rise to changes in tip oscillation phase and amplitude
producing phase and topography images, respectively. During tapping mode
operation, the cantilever oscillation amplitude is maintained constant by
afeedback loop and is measured by the detector, the digital feedback loop then
adjusts the tip-sample separation to maintain constant the amplitude and
the applied force on the sample.

Fig. 6.7. Schematic diagram of tapping mode AFM operation

In non-contact mode the cantilever is located above the surface of
the sample at distance such that it is no longer in the repulsive regime
(5-100 nm) but in the attractive regime with interaction force of the order of
10°-10™ N.

6.4. COMPARISON OF AFM, SEM/TEM AND OPTICAL MICROSCOPE

Optical and electron microscopes can produce two dimensional magnified
images of a sample surface, with a magnification as great as 1000X for
an optical microscope, and as large as 100.000X for an electron microscope.
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One of the great advantages of the AFM is the ability to magnify in the X, Y
and Z axes and give three dimensional magnified images with the information
about the height and depth of the sample surface features. AFM can scan
surfaces with up to nanometer (molecular) lateral resolution, and up to 0.01 nm
vertical resolution.

SEM is conducted in a vacuum environment therefore special events
should be followed in sample preparation. AFM has the advantage of being
able to image live cells under ambient and physiological conditions, in
particular, in buffer solutions, in situ, and in vitro, if not in vivo.

With the AFM, little or no sample preparation is required while in SEM
many pre-treatments to be followed due to vacuum environment and electron
beam. Moreover unlike electron microscopes AFM is nondestructive to
the sample surface (table 1).

Tablel
Comparison of an AFM, SEM/TEM and optical microscope
Method Latergl Environment M agnification Effect on the
resolution sample
Optical 200 nm Air Liquid 2-Dimentional nondestructive to
microscope the sample
SEM/TEM 0,1 nm (TEM) Vacuum 2-Dimentional destructive to the
1-20 nm sample
(SEM)
AFM 1-20 nm Vacuum Air 3-Dimentional nondestructive to
Liquid the sample

The lateral resolution of optical microscope depends on the wavelength of
the light, on the numerical aperture of the optical arrangement. The resolution
of the light microscope is limited by wavelength of light (diffraction).
The lateral resolution of SEM is limited by the size/ brightness of the electron
beam and the sengitivity of the detector, whereas AFM resolution is determined
by the physical size and radius of curvature of the AFM tip and sample
roughness.

In comparison with an optical microscope and the SEM/TEM an AFM is
more difficult to use than the optical microscope and easier to use than
the SEM/TEM. Also, the AFM is typically more expensive than the optical
microscope and less costly than an SEM/TEM.

Although light microscope and electron one can be used only for imaging,
AFM can be used to measure various biophysical properties of biomedical
objects, such as elasticity, adhesion, hardness, friction in addition to imaging.
Moreover AFM can provide a minutely controllable nanoprobe (tip) to
maneuver cell structures. AFM can apply precise mechanical stimuli and
measure very low force interactions between or even within single molecules.
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Atomic force microscopy potential to image the structure of biomedical
objects surface with molecular or even sub-molecular resolution, study samples
under physiological conditions (which allows to follow in situ the real time
dynamics of some biological events), measure local chemical, physical and
mechanical properties of a sample and manipulate single molecules make it
atool of undeniable value for biomedical microscopy investigations.
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QUESTIONS

1. What are the differences between convex and concave lenses? Describe
their properties. Give the definition of an optical power.

2. Explain principles of the image formation by thin lenses. What is a real
Image? What isa virtual image?

3. Write a formula of thin lens. How is a thin lens magnification
determined?

4. What is asimple magnifier? What type of image does it form?

5. Plot aray tracing in the optical microscope.

6. Write aformulafor optical microscope magnification.

7. By what is a microscope resolution limit determined? Write Abbes
formula. Give anumerical value for optical microscope resolution limit.

8. What is the wave particle duality concept? Give the formula for the de
Broglie's wavelength.

9. Describe the main principles of electron microscope operation.

10. How is an electron microscope resolution limit determined?

11.What are the differences between electron and atomic force
microscopes?

PROBLEMS

1. In the microscope with a magnification 500 times (500X), the focal
length of the eyepiece is 4 cm and the length of the optical tubeis 20 cm. Find
the focal length of the objective.

2. In the optical microscope using light with a wavelength of 450 nm,
the minimum resolution limit is equal to 0.3 microns. Find the minimum limit
of microscope resolution, if the used wavelength is 600 nm.

3. In the optical microscope with dry objective the minimum resolvable
distance is 0.45 microns. Find the resolution limit of the microscope if oil with
refractive index of 1.5 is used between the objective lens and the gpecimen.

4. Microscope has an objective with the focal length of 25 mm and
the diameter of 6 mm. Find the microscope resolution limit when
the wavelength of light being used is equal to 490 nm (green-blue light).

5. How many times the object size being studied by a microscope with
a numerica aperture of 0.20 (NA = 0.20) may be less than the object sze
observed by the normal eye at a distance of best vison? The calculation has to
be carried out for the wavelength A = 0,555 microns.
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