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Abstract

Houghton College is refurbishing a JEOL JEM CX-100 Scanning Transmission Electron Microscope
(STEM) for the study of thin metal films. The microscope is capable of scanning electron microscopy
(SEM), transmission electron microscopy (TEM), electron diffraction, and backscattered electron
microscopy, up to 800,000X magnification. The original image capturing system projects the image
onto a cathode ray tube (CRT) screen and takes a film exposure of the image. An interface is being

developed to read the image from the CRT and manipulate and store it as digital pictures.
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Chapter 1

INTRODUCTION
1.1 A Brief History of Optical and Electron Microscopy

Optical magnification has been used for centuries. During the 17th century, Anton Leeuwenhoek
developed and built single-lens microscopes using high-quality glass spheres [1]. Modern light
microscopes use two lenses for magnification. In the early 1800’s Thomas Young first observed the
wavelike properties of light in his double slit diffraction experiment. He passed light through two
pinholes in an opaque shield, and on a screen he observed a row of bright peaks that he knew to result
from wavelike interference [2]. In 1925 Louis de Broglie theorized that all particles have a wavelength
related to their momentum [3]. This revolutionary theory was accidentally confirmed in 1927.
Physicists Clinton Davisson and Lester Germer were studying the angular dependence of electrons
scattering through polycrystalline nickel. The specimen was being heated under vacuum when a gas
cylinder explosion shattered the vacuum tube housing the experiment. To clean the resulting oxide
layer off, the nickel specimen was heated under vacuum and hydrogen gas. This allowed the crystals to
grow, and when irradiated again diffraction peaks were observed [4]. They recognized this as an
interference effect due to the wavelike behavior of the electrons. Ultimately this quantum behavior of
photons and electrons would be seen to limit the resolution of magnification. As will be explained

later, the wavelength of electrons, and thus their resolving distance, is shorter than that of photons.

In 1926, Hans Busch discovered that when electrons were passed through a short electromagnetic coil
they were deflected radially. If the coil was short enough the effect was similar to optical focusing
using glass lenses [5]. Then in 1931, using a magnetic lens according to Busch’s work, Ernst Ruska and
Max Knoll imaged an aperture placed in front of a cathode onto a uranium glass plate [6].They
continued their work, building a microscope employing two lenses (see Figure 1) to image mesh
screens and T-shaped apertures at varying low magnifications [7,8]. In 1938 Manfred von Ardenne

built the first scanning electron microscope. He added scanning coils to a TEM and scanned the



photographic plate in sequence with the coils [9]. This microscope was the first scanning transmission
electron microscope (STEM). That same year Vladimir Zworykin joined RCA laboratories and began
research on cathode ray tubes (CRT). In 1942 he and his research team developed a new scanning
electron microscope (SEM). This microscope used electrostatic lenses with voltage differentials instead
of electromagnets, and it was capable of scanning the surfaces of specimens opaque to electrons [10].
Each category—TEM, SEM, or STEM—is distinct from the other, and all three technologies are

useable in Houghton’s electron microscope.

Figure 1. Ruska and Knoll working on their first TEM.
Figure taken from Ref [11].

1.2 Background

One area of research that commonly uses electron microscopes is that of thin films. Due to the nature

of their physical properties, electron microscopes are some of the most common instruments used in

the analysis of thin films.



1.2.1  Thin Films

Thin films have many varied applications. Optical properties such as transmittance and reflectivity can
be altered using thin films. A simple thin film coating can make an interface transparent to a specific
wavelength of light at normal incidence [12]. Multi-layer thin film coatings have also been created
which exhibit near-perfect transparency over a range of wavelengths and incident [13,14]. These

antireflective coatings are applied on solar cells to increase absorption and efficiency [13].

Thin films are also used in chemical coatings. Most cars use a thin film “wash coat” coating over a
high surface area “monolith” structure inside the exhaust pipe to catalyze harmful combustion by-
products such as carbon monoxide and various nitrogen and sulfur oxides[15]. This is generally a
ceramic coating of alumina embedded with precious metals like palladium, platinum, and rhodium
[16]. Ceramics like alumina are used to increase the durability of machine parts while maintaining the
strength of the substrate. Another material, diamond, is used as a thin film coating due to its
impressive physical and chemical resistant properties [17]. These ceramic coatings are being optimized
and used specifically to protect the equipment used in manufacturing microelectronics from plasma

damage [18] as well as generally providing a durable bartier.

One more application is found in the electronics industry, including transistors and solar cells. Thin
film transistors (TFT) are used in electronic displays like active-matrix organic light-emitting diode
displays (AMOLEDD) due to their compact size [19]. Recent varieties of TFI’s are flexible,
transparent, and can be manufactured at room temperature [20,21]. Thin film solar cells are becoming
marketable and can be advantageous over silicon crystal cells for several reasons. Lower-efficiency cells
can be manufactured at a lower price than those of silicon [22]. These can be used in inexpensive or
disposable products where performance is not critical. In addition, less product—and therefore less
money—is used in manufacturing thin film solar cells. Finally, the amount of control the designer has
over the properties of thin film cells is far greater than that of crystalline silicon cells since there are so
many acceptable thin film materials available. Because of these reasons, a variety of organic and

inorganic thin film solar cells are being researched and marketed today [23]. The applications of thin



films are far-reaching, and the knowledge base is yet incomplete, and so it is still profitable to study

thin films.

In general, thin films are any layer of material deposited on a substrate that is much thicker than the
film. Typical film thicknesses range from tens of nanometers to several microns thick [24]. Thin films
usually differ in physical properties from their bulk counterparts [25]. In most solid films of singular
composition (as well as bulk materials), the atoms arrange themselves in close-packed formations to
minimize electric potential energy (see Figure 2). The arrangement of atoms is commonly known as

the crystal lattice.

Figure 2 Two different close-packed arrangements of atoms using the
ball model.

Thin films are typically composed of materials of homogeneous crystal lattice composition, and each
material has a unique lattice preference, standardized using a symbolic tool called a unit cell. This unit
cell is the smallest three-dimensional representation of a crystal lattice that does not repeat the crystal
pattern. Otientation refers to the attitude of the unit cell of the crystal lattice compared to some

coordinate system, usually determined by the surface normal axis.

When films are deposited, individual atoms stick to the surface of the substrate and subsequent atoms
fall into place around these atoms, forming island grains. The grain is a region of material with a
uniform crystal lattice orientation. When the islands grow large enough to touch, the gaps between
them fill in, and the region between the islands becomes a grain boundary [25]. These boundaries can

affect the performance of the film, specifically by altering the internal stress of the film [24]. Today



electron microscopes are used extensively in research of thin films. These microscopes are capable of

nanometer and even atomic resolution and can reveal structural information regarding these films.

1.2.2 A Brief History of Thin Film Analysis Using Electron Microscopes

Thin film history is strongly tied to the history of the technology used to study the films. Samples for
the TEM had to be sufficiently thin to allow electrons to pass through in order to form an image. Thus
thin films became a natural subject for study in TEM. Evidence of using electron microscopes to
analyze thin films can be seen as early as 1933 [20]. In this case, the orientation of thin films was
studied using electron diffraction. In 1939, a study was done where extremely thin films (<50A) of a
variety of metals and ionic compounds were deposited on plastic substrates and studied using electron
diffraction techniques [27]. It was found that there were some cases where a certain orientation was
preferred, and in many cases deposited atoms diffused and coalesced into islands. The idea that atoms
would diffuse into clusters was a new concept then. In the 1940’s a combination of TEM and
diffraction was used to study the effects of deposition rates and material types on thin film grain

formation [28,29]. The TEM gained acceptance as a useful tool in the study of thin films.

On December 24, 1947 W. Brittain and J. Bardeen created a working semiconductor transistor out of
germanium. He demonstrated its use in a circuit which effectively amplified a wave signal [30,31]. With
the invention of the semiconductor —based transistor the semiconductor industry began to grow. In
what has been called the "Golden Age of Crystal Defects", roughly from 1949 to 1959, the booming
semiconductor industry paid for research investigating the physical attributes of potentially stable
semiconductor materials [32]. Because of the increasing resolution capabilities of the TEM, crystal
defects could be seen directly in electron micrographs [33]. The TEM allowed scientists to correlate

film stresses with crystal defects, as well as create higher quality transistors.

In the 1970’s direct TEM imaging and electron diffraction had become standard techniques for
determining crystal structure and defects in thin films [25]. Diffraction is a technique that uses the
interference patterns of electron waves to determine information regarding atomic spacing and

orientation of regular crystals. For further information regarding diffraction, see Section 2.2.3. In



particular, selected area diffraction (SAD) was used as an analytical TEM technique beginning in 1960
[34]. SAD is a high-resolution diffraction technique suitable for studying single grains in thin films. By
adjusting the focal lengths of the lenses and inserting an aperture, a diffraction pattern can be resolved
in addition to the electron image of a specific, small region of the sample[35]. Since diffraction gives
information regarding the orientation of the specimen’s atomic lattice, SAD can determine the
orientation of specific grains less than 100 nm across [25,35]. This gives accurate insight into the

orientation composition of thin films.

Within the last 20 years, electron microscopy techniques have continued to be used in the study of thin
films. An important area of research is that of grain growth [24]. After deposition it has been shown
that polycrystalline thin films can exhibit abnormal grain growth, which can be observed in situ using
TEM [36,37,38] and SAD [39], as well as SEM [40]. Grain growth is an item of interest, since the size
of the grains and their boundaries affect the performance of the films [24]. In addition, SEM is used in
the electronics industry in order to view microelectronics such as thin film transistors [20,41]. Optical
microscopes cannot resolve them due to their small dimensions. Electron microscopes remain very

effective in the study of thin films.

1.2.3  Project Overview

In 1978 Houghton College was given a JEOL CX-100 electron microscope. Over the years the
microscope has been minimally maintained. Several systems needed attention. The vacuum system had
developed a leak. The system controlling the low-pressure valves had a ventilation issue. The
refrigeration system needed to have several parts replaced. The electron beam was not correctly
aligned and the process used to align the beam did not work effectively. Finally, a program was written
to update the analog and film imaging system to a digital one. Not all issues could be addressed, but

attention was given to each one.
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Chapter 2

THEORY

2.1  Electron Optics

2.1.1  Resolution

The resolving power of the microscope is related to two physical phenomena. The first is the
wavelength of the incident beam. Louis de Broglie theorized that the wavelength of an electron is

governed by its momentum [2], given by

@.1)

where X is the wavelength of the electron, h is Planck’s constant, and p is the momentum of the
electron. Now at 100 kV the electron is moving at 0.6c. It is impossible to accurately predict the
wavelength without a relativistic correction. The relativistic energy of a particle is described using two

relationships. The first is

E =T + myc? 2.2
with T as the kinetic energy, 7, as the rest mass of the electron, and
E? = p%c? + mic*. 2.3)

Combining Equations 2.1 and 2.3, it can be seen that

__hc hc (2.4)

A=— = ——.
pc  JE? —m@c*

Now Equation 2.2 can be substituted in, yielding

11



hc _ hc (2.5)
JT +mec?)2 —m2c*  JT? +2Tmyc?

The second phenomenon is optical discernment. While the mechanism of optical focusing may be
different, the limits of resolution remain the same between electron and photon optics based on the
wavelength. Focused images of a point source yield a disk instead of a point, and in Figure 3, the
resolution limit is the distance at which the two disks can be discerned as separate[42]. According to

the classical Rayleigh resolution criterion, that resolution is directly proportional to the wavelength,

0.614
d —

= (2.6)
usina

where d is the minimum distance where two points can be resolved as separate, p is the refractive

index of the sample and « is the semi-angle of the aperture of the objective lens[43]. The quantity

)
D

v

Figure 3. The Rayleigh resolution criterion. The intensity of two
focused images and resolved distance d along the x axis. The
superposition of the two images barely resolves the two images as
separate. Adapted from Ref [43].

psina is generally referred to as the numerical aperture, and it is this quantity which must be

maximized. For most samples the refractive index for electrons is close to unity, and so the aperture

12



semi-angle must be as great as possible. For large enough angles, sin @ also approaches 1, so the

minimum resolved distance 4 approaches 0.614.

2.1.2  Magnetic Lensing

In order for the electron microscope to be an effective magnifier, the system must be capable of
focusing electrons similar to how an optical microscope focuses light. In the presence of a magnetic
field, a force F is exerted on the electron according to the strength of the field B, the charge (—¢) and

velocity vof the electron such that

F=—eixB. e

An electron with velocity perpendicular to a uniform magnetic field travels in a circle, with the force
directed toward the center, as demonstrated in Figure 4. The force is centripetal in nature, so we can
relate the force to the relativistic momentum yz,v and the radius of the circle by stating
=12
ymy| vl

F = =707 el

2.8)

If the electron is traveling with velocity v such that part of the velocity is not perpendicular to the

magnetic field, then according to Figure 5

2
moV.
F=_ ymov.” —yeuB. (2.9)
r
Here 6 is the angle the velocity vector makes with the magnetic field vector. Solving for ryields
myv, sin6
, oMoy _psing 210)

eB eB

With relativistic considerations, (see Equations 2.2 through 2.5)

pc =+/T? + 2Tmqyc?. (2.11)
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Therefore substituting in Equation 2.11 for p yields

X X X X

E field
glectron path ———

X X X X
XX X X X

X X X

Figure 4. The path of an electron through a uniform magnetic field
perpendicular to its velocity. The electron begins traveling to the right at
velocity » through a uniform B field pointed into the page. The Lorentz
force F is directed downward, perpendicular to » and B. Thus the
clectron travels in a circle. Adapted from Ref [25].

1
2

<T (Cl2 + 2m0)> 2.12)

= in6.
T B sin

The radius 7 is inversely proportional to the strength of the magnetic field B. This property can be

used to create a focusing effect in the right magnetic field.

This magnetic field can be generated by the use of electromagnets. The Lorenz force is proportional to
the magnetic field, and the higher the energy of electrons the stronger the field must be to cause the
same action. Customarily the magnetic lens is used to create a strong parallel magnetic field along the
transverse axis of the column (Figure 0), parallel to the incoming beam of electrons. Encasing the coils

in soft iron concentrates the external magnetic field to the gap inside the column and increases its

14



strength [6]. The addition of highly susceptible pole pieces to the edges of the gap further increases the
field strength while decreasing the size of the gap [43].

Path of electron

B field lines

Figure 5. The path of an electron with velocity not perpendicular to a
magnetic field. The electron has velocity v such that part of the velocity
is perpendicular to the magnetic field B. The angle between » and Bis 0.
Figure adapted from Ref [25].

The field inside the column can be separated into three regions for the sake of explaining the lensing
effect. For the bottom third of the gap, the field leaves the pole piece and curves inwards towards the
center of the column and upwards. The field points straight up in the middle section of the gap. For

the top third of the gap, the field curves upwards and outwards toward the upper pole piece.

When the electron beam enters the upper section of the lens with a downward velocity, it encounters a
field with a vertical component and a horizontal, outward radiating component. This causes a
counterclockwise force. This force accelerates the electrons into a spiral and imparts a tangential
velocity to them. As the electrons enter the middle section with a downward and tangential velocity,
they are influenced by the upward field, creating a radial force directed toward the center of the
column. As the electrons pass through the bottom third of the lens with downward, tangential, and
radial velocity, they encounter a B field with upward and radial, inward components. This field is
symmetric to the top third, so the electrons are accelerated clockwise, canceling out their tangential

velocity. The electrons are given two path changes. First, they are given a net radial impulse inwards;

15



that is; the exiting beam is more convergent or has a shorter focal length than the entering beam.
Second, the electron beam is given a net rotation about the translational axis. This process is

demonstrated in Figure 7.

Soft Iron Casing
Copper Coils

Pole Pieces

/3

Figure 6. A magnetic lens and accompanying magnetic field. The
magnet is a copper wire coil encased in soft iron except for a gap. The
gap is bordered with two pole pieces of high susceptibility. This
concentrates the magnetic field across the gap. The field that goes
through the column creates an arc.

2.2 Types of Imaging
Houghton's JEOL CX-100 has several imaging techniques it employs. For each of these techniques,
the incident beam is an image of the tungsten filament source demagnified using a seties of magnetic

lenses.
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2.2.1  Transmission Electron Microscopy (TEM)

Incident Electron Beam

Electron l
Path

< B Field

Pole Pieces /‘
4 -

Image
Rotation

Figure 7. The path of an electron through a magnetic lens. The electron
beam enters the B field, begins spiraling around the transverse axis,
bends toward the transverse axis, stops spiraling, and exits. The net
action is a focus and a rotation about the transverse axis.

In TEM the beam passes through the sample (Figure 8). Most samples must be
thinner than 100 nm to have sufficient contrast to form an image [25]. The contrast
for the TEM image is governed by the electron-sample interaction. For simplicity, we
assume the electrons either scatter once or pass through the sample without
interacting. The probability of an electron interacting and scattering within a sample of

thickness #and density p is given by [43]

17
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where 72 is the atomic mass of the sample and o is the total scattering cross section of the atoms in
the sample. The probability of scattering is directly proportional to the mass-thickness (pt) of the
sample and the characteristic total scattering cross section (o). The scattering cross section can be
modeled after the Rutherford cross section, with the total integrated cross section of the nucleus of an

atom in the sample being [43]

2

Z
Onucleus = 1.62 X 10724 (E_> COtzg. (2.14)
0

Incident Beam

Sample
Objective Lens
First Real Image
Projector Lens
Magnified Image

Figure 8. The TEM beam path. The beam is convergent on the sample
and then projected onto a phosphor plate or a camera. Taken from [25].

Z is the atomic number of the scattering atom, E, is the initial energy of the electron, and ¢ is the
angle of scattering. The scattering mechanism is driven by the Coulomb force interaction between the
incident electrons and the atomic electrons and protons [43]. Atoms with a higher atomic number
have more protons and electrons and thus have a higher strength Coulomb field, increasing their

effective scattering range and scattering angle, so scattering is more probable and effective.

18



The TEM direct imaging mode is useful for detecting abnormalities and irregularities such as grain

boundaries and dislocations in thin films [44].

2.2.2  Scanning Transmission Electron Microscopy (STEM)

From Figure 9, it can be seen that in STEM the same information can be gathered from the same
region similar to TEM. The two methods are not entirely dissimilar. The incident electron beam
scatters within the sample and the transmitted and forward scattered electrons are collected below the
sample and converted into a magnified image visible to the naked eye. However, the differences lie in

how the sample is irradiated and how the information is collected and displayed.

Incident Beam

X A —
Scanning Cods E E Scan (Generator
Sample
Cathode Ray Tube
+200 V
Electron Detecmr

Figure 9. The STEM beam path and image display process. The beam
is demagnified more than in TEM and scanned across the sample in a
raster. The transmitted intensity is detected and displayed on a screen
synchronously with the raster.

In STEM the beam is demagnified more than in TEM. The beam needs to be narrow because it is

scanned across the sample in a raster instead of irradiating the sample all at the same time. The

19



scanning process uses a pair of magnetic coils located below the second condenser lens [45] (Figure
10). As the beam is rastered across the surface of the sample, the intensity information is displayed on

a CRT at the same rate as the scanning coils.

For both TEM and STEM, the resolution limit is the same regardless of scanned beam or projected
beam [46]. There is no advantage to having a narrow beam. However, by collecting more than just
transmitted electrons STEM “allows one to obtain more information per scattering event than with
the [TEM] and therefore to minimize radiation damage.” [47]. There are many different signals that are
produced from the electron interaction, and many contrast mechanisms exist which can be used to
form different images of the same region, including transmitted electron energy, emitted x rays, and
transmitted electron intensity. Because the signal is detected on a time-dependent basis and

electronically processed to form an image, all of these signals can be detected at once.

Incident Beam

X X
Scanning Coils
X X

Aperture

Figure 10. The scanned beam induced by the scanning coils. The first
set of coils deflects the original beam, and the second redirects it back
so as to ensure the beam passes through a final aperture before
irradiating the sample. Taken from [45].

2.2.3  Electron Diffraction
In electron diffraction, electrons scatter from regularly spaced crystals to form interference patterns on

a subsequent plane (see Figure 11). Diffraction occurs because of the interference property of waves,
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both for electrons and photons. The principle of optical diffraction was first demonstrated by Thomas
Young when he passed coherent and divergent light through two circular apertures [48]. This

experiment has been replicated with slits instead and can be described quantitatively [42].

Incident Beam
Sample
O'mective Len:
Projector Lens
Driffracted Imagpe

Figure 11. The diffracted electron beam path. The beam is incident on
the sample and then projected. The diffracted image occurs on the focal
plane where all the scattered electrons converge to produce rings or
spots of greater intensity. Figure adapted from [25].

Let two rays 77 and T, pass through separate slits and strike a screen at a distance I. and height y
(Figure 12). Assuming that L >> d, the distance between scattering centers, the two rays 77 and 75 are
approximately parallel. It can be seen that

sin@ = (2.15)

QUl &

where

§ = 2mmA (2.16)

and  is an integer and 1 is the wavelength of the incident particle. Substituting ¢ yields
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ZmmA 2.17)

sinf = P

It can be seen that under a small angle approximation

Y .
~ =tan@ ~ siné. (2.18)
L
n
v
I fz
d B)}/ o
&
| |
| L |
Figure 12. A diagram of Young’s double slit experiment. Coherent light
was passed through two identical, narrow slits a distance 4 apart. The
light was incident upon a screen a distance L from the slits. Adapted
from Ref [49].
Substituting Equation 2.18 into Equation 2.17 yields
y_ 2mmA 2.19)
L d '’
and solving for d yields
= 2mmAL . (2.20)
y
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Thus the spacing & between scattering centers can be determined using the dimensions of a diffracted

image if the wavelength and separation distances are known.

Using a large number of slits results in a diffraction grating. This grating yields narrower intensity
peaks compared to two slits [49]. If the grating were etched in two dimensions with the rows
perpendicular, the resulting interference pattern would consist of a grid of dots. The arrangement of

slits in the diffraction grating determines the diffraction pattern.

Electron diffraction can occur because the incident beam of electrons behaves as a wave. The atoms in
a crystal lattice behave as scattering centers analogous to an optical diffraction grating, and thus
information regarding the crystal lattice can be determined by observing the diffraction patterns.
Specifically, electron diffraction can be used in thin film analysis because the diffraction patterns
correspond uniquely to each crystal lattice. The lattice spacing [43] and crystal orientation [25] can both
be determined using electron diffraction, both important features of thin films. For polycrystalline

films, the diffraction pattern will include information for the different grains superimposed together.

Inserting an aperture in the diffraction plane of the optical path affects the properties of the projected
image (Figure 13). If the direct image is allowed to pass through the aperture, the resulting image is the
bright field image. If a diffraction spot other than the direct beam is allowed to pass through, the
resulting image is the dark field image [43]. In thin film imaging, it is possible to differentiate specific
grains based on their dark field image, as long as the diffraction pattern can be analyzed to determine
grain orientation. The dark field picks a specific diffraction beam from specific reflecting planes in the

thin film grains and projects their image.

2.24  Scanning Electron Microscopy (SEM)

SEM is an imaging technique that scans an electron beam across the surface of a sample. The resulting
image is a topographic map of the surface of the sample. The beam is demagnified and focused down
to a convergent probe (Figure 14) and scanned across the sample as in STEM. Using thermionic

emission, the minimum diameter of the probe is on the order of tens of nanometers [45], much less

than in TEM.
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SEM uses the same scattering processes that generate contrast in TEM and STEM. However, with a
detector positioned above the surface of the sample, only electrons scattered back towards the incident
beam can be detected. The standard equipment used is the Everhart-Thornley detector [45] (see Figure

15). There are two categories of electrons that are detected. The backscattered electrons are incident

Incident Beam

Sample

/

/ \ Aperture
L S——, Projector Lens

/

Objective Lens

Magnified Image

Figure 13. The bright field diffraction beam path. The bright field image
is generated by deflecting the reflected beam and allowing only the
transmitted beam through the aperture. The dark field image is
generated by deflecting the transmitted beam and allowing a reflected
beam to pass through the aperture.

electrons that have scattered mostly elastically and still retain most of their momentum. They are
characterized by high energy. According to Goldstein et al [45] secondary electrons are outer shell
electrons that receive enough energy from the incident electrons to leave the atom. These electrons
can escape the solid at the surface and thus can be detected (Figure 106). Secondary electrons are
generated from inelastic scattering events when the incident electron imparts part of its momentum to

the outer shell electron. In general these electrons can escape the surface if they are within 5\ of the

24



surface (Figure 16), where 1 is the mean free path between scattering events [45]. The mean free path is

dependent on the density of the sample as well as the atomic number.

SEM uses backscattered and secondary electrons to form images in two modes. With the bias on the
Everhart-Thornley detector at 200 V, mostly secondary electrons are detected. The contrast is

dependent on atomic number and density as well since the secondary electrons are ejected along the

Incident Beam

Scanning Coils Scan Generator

X X

S 1
ampre | | +200V/ [ cathode Ray Tube

Electron Detector

Figure 14. The SEM beam path and imaging process. The beam is
highly demagnified and scanned across the sample in a raster. The
scattered electrons are detected with an Everhart-Thornley detector and
displayed in the same raster on a screen. Adapted from Ref [45].

trajectory of the incident electrons. Even though the beam diameter is only nanometers wide, the
interaction volume of incident electrons can be micrometers wide [45]. With secondary electrons,
surface features such as edges and non-perpendicular slopes are apparent [44]. At edges and slopes,
more backscattered and secondary electrons leave the sample due to the non-perpendicular surfaces
[45]. This also helps distinguish grain boundaries in thin films, since grain boundaries aren’t as

organized as the grains themselves.
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In the second mode, a bias of -50V is applied to the detector. Backscattered electrons have higher

energy than secondary electrons [45], so only they will get detected. Contrast mechanisms are similar to

/ Incident Electron

Faraday Cage | =T L +200V or -50V

/ L +10 kV Scintillator

Lisht Guide

Photo Multiplier Tube

Current-Based Output

Figure 15. The Everhart-Thornley detector. The Faraday cage in front

of the scintillator can be biased to filter out secondary electrons. The

scintillator itself is held at around 12 kV. The detected electrons strike

the scintillator and the light is amplified by a photomultiplier. Figure

adapted from Ref [45].
those of secondary electron imaging, however, more information about the sample below the surface
is collected [45]. Also, the signal is lower with backscattered collection since the detector takes up a
small solid angle and the paths of the electrons do not bend as in secondary collection [45]. As can be

seen, SEM is a valuable imaging technique for thin films due to its surface sensitivity.

AN s

Incident Beam
—_—

Secondary Electron

Figure 16. An incident electron traveling through a sample. The incident
clectrons may scatter loose specimen electrons and can exit the
specimen as backscattered electrons. These secondary electrons can exit
the sample if they are within 5\ of the surface (SE1 and SEpn) [36]. All
three types of scattered electrons can be detected in SEM. Figure taken
from [45].
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Chapter 3

MICROSCOPE SYSTEMS

3.1  Vacuum System

The column has to be evacuated in order to run the electron microscope. Electrons interact with air
molecules, so scattering deflects electrons out of the beam alignment and reduces resolution. An
acceptable level of vacuum to reduce this is 10° Torr or better [49]. This ensures that most of the
electrons travel through the column without interacting with air molecules. In addition, the beam

source must be maintained at an even higher vacuum to reduce sparking due to its high voltage.

A high vacuum cannot be generated by one set of pumps alone. A pressure of down to 10” Torr can
be achieved by use of two rotary vane oil pumps (Figure 17A). These rotary pumps use the mechanical
action of an offset rotating vane to compress the air from the instrument and release it at atmospheric
pressure. This creates a rough vacuum, which serves as the outlet pressure for the high vacuum pumps
The diffusion pump is the high vacuum pump used in the JEOL CX-100. It has no moving parts and
uses oil as a medium. As is seen in Figure 17B, oil is heated and evaporated off. The oil particles travel
up the chimney and exit at high speed at the top. Here gas from the column can diffuse into the
stream, which is at lower pressure, being at high speed. The jet of gas creates a high-pressure
compression area at the bottom of the boiler. Here the pressurized gas is siphoned off and condensed
using water-cooled baffles. The condensed oil returns to the boiler, and the gas continues out the exit

towards the rotary pump.

The sample holding zone, gun, and camera are separately airlocked from the column. The gun is
separated by a small aperture to generate a separate, higher vacuum. The sample holder is airlocked for
changing out samples without venting the entire column. The camera is separate as well, for the same

reason; the film can be replaced without venting the column.
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3.2 Beam Production
The electron source of the CX-100 is a tungsten filament. The filament is bent so the tip of the
filament is a sharp, narrow turn. The process by which electrons are generated is called thermionic
emission (Figure 18). The filament is heated by a high current. This increases the energy of the
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Figure 17. Two vacuum pumps used in the JEOL CX-100. (A) Rotary
Vane Pump, (B) Diffusion Pump. The rotary vane pump decompresses
incoming air into a cavity and then pressurizes it above atmospheric
pressure and forces it out through a one-way valve. The diffusion pump
uses the kinetic energy of evaporated oil molecules to drive gas into a
compression area, where the gas can leave through an outlet towards a
backing pump. Adapted from Ref [50].
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electrons in the filament. When the electrons are given enough thermal energy to exceed their work
function they leave the surface of the filament. This emission is desctibed by Richard’s Law [43] as

(]
J = AT?e™xT G.D

where [ is the emission current, T'is the temperature of the sample (in K), @ is the work function, £ is
Boltzmann’s constant, and 4 is a proportionality constant characteristic for each material. A voltage
differential is produced between the filament—the cathode—and an anode, located below the
Wehnelt cap, in order to energize the electrons toward the specimen. For thermionic emission, the

energy spread AE is 3 eV [43]. The Wehnelt cap is biased to control the beam current and to create a
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crossover point [43]. A resistor connects the Wehnelt cap to the filament voltage, creating a negative
bias. As the electrons strike the Wehnelt cap, the induced current across the resistor increases the bias,
creating a stronger lens and fewer incident electrons. This feedback system self-biases the Wehnelt cap

and maintains a stable crossover point [43].

Filament
Power

Supply

Bias Resistor

Filament

Electron

Enmussion
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- ~_Equipotential

—~~_ Lines -HV

Anode

Figure 18. A circuit diagram of the beam generation system. The
tungsten filament is kept at high negative voltage. When heated,
electrons escape toward the anode. The Wehnelt cap voltage is kept
below the filament voltage in order to focus the beam initially, as seen
by the voltage gradient. Adapted from Ref [43].

29



3.3 Image Processing

For SEM and backscatter, the electrons are detected using an Everhart-Thornley Detector [45]. This
signal goes through a preamplifier and an amplifier to increase the signal strength. Here the signal is
coupled with the scan signal that rastered the original electron beam and is sent to the CRT as a
stopping voltage. The CRT outputs a rastered signal whose current (and thus electron intensity) is
dependent on the voltage. A film cartridge is then exposed to the CRT output and the resulting
developed film becomes the final image. In TEM the projected image is captured using a camera with
film sensitive to electrons, similar to regular film cameras. In STEM the electron beam is detected

similar to SEM and scanned out on the CRT.
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Chapter 4

REFURBISHMENT

4.1 Maintenance, Digital Image Conversion and Interface

The Houghton College microscope has an automated sequence for pumping down the column. The
microscope uses two rotary backing pumps; one for evacuating the microscope and one for a
desiccation chamber (Figure 19). Rotary pump one first evacuates the two diffusion pumps. Once they
are evacuated to 10? Torr the heating elements turn on and they begin depressurizing. If the pressure
inside is sufficiently low the column and gun will be opened to the diffusion pumps. Once the pressure
in the diffusion pumps is too high the valves to the column will close off and the diffusion pumps will
depressurize. Due to the presence of leaks in the equipment, the column is not sealed well enough to

hold a good vacuum while the diffusion pumps are depressurizing.

In order to accommodate this process, a manual pumping procedure was developed. Since the
microscope will be used primarily for the study of thin films, the second rotary pump was directly
attached to the column in order to evacuate it. In addition, a number of valves were manually powered
to control this evacuation. This allowed the user to pump down the column to a rough vacuum (10
Torr) before opening the diffusion pumps to the column. Once the diffusion pumps begin
depressurizing the column the user manually closes off the valve next to the rotary pump to prevent

the backstreaming of oil from the pump.

The valves used to control the depressutization of the microscope are driven by pneumatic pressure.
This allows the pressure to be controlled in various chambers in the microscope. The air compressor
used to generate the pneumatic pressure is air-cooled, and it turns off automatically if it overheats. This
compressor had been overheating regulatly due to a ventilation issue inside the pump room, so an
extra cooling fan was installed to assist in heat transfer. This aided in reducing overheating, but the

problem has not been completely resolved to date.
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Figure 19. A schematic diagram of the vacuum system for the JEOL
CX-100. One rotary pump is the backing pump for the first diffusion
pump. This pump in turn evacuates the column and the camera, and the
second diffusion pump, which evacuates the gun at higher vacuum. The
second rotary pump originally evacuated the desiccation chamber but
was repurposed for evacuating the column. The in-line valves can be
controlled manually.

Both the electromagnetic lenses and the diffusion pumps use water for a coolant, which is supplied by

a water-cooled chiller. The main pump for the chiller suffered a mechanical failure and was replaced.
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4.2 Digital Image Conversion and Interface

Originally the imaging systems were designed for cartridge film, which is very difficult to acquire and
manipulate. Cutrently a program is being written using Labview to eliminate the need for film. This
program inputs the analog signals that scan and display an image onto a CRT screen and outputs a
two-dimensional array that represents that image. This array is exported to Microsoft Excel. The

elements of this array map to the electron intensities measured on specific locations on the specimen.

The CRT uses a voltage differential to focus electrons into a beam and accelerates them at a
fluorescent screen [42,50]. The electron beam is generated from the thermionic emission of a tungsten
filament (Figure 20). The beam current, and thus the beam intensity, is controlled by a negatively
biased grid near the filament. If the voltage differential between the filament and the grid is large
enough the emitted electrons will be deflected back toward the filament, reducing the beam current.
The filament is kept at ground, and the screen is kept at high voltage. The beam is focused using a
series of electrostatic lenses. These lenses are conducting cylinders, kept at successively higher voltage,
decreasing toward the screen. The potential gradient is highest in the gaps between the cylinders. This
gradient directs electrons toward the center of the beam axis, creating a convergent lens [42]. The
beam is deflected using two perpendicular sets of electromagnetic coils. These are placed around the
CRT after the beam is focused. The amount of deflection is proportional to the current through the
magnetic coils. The beam rastering mechanism is controlled by a sawtooth wave generator, which

cannot be located currently.

There are three signals that must be collected in order to output a digital image in SEM mode. The
first signal is the intensity signal. This determines how bright the electron beam is at any given location
on the scan and is directly proportional to the number of secondary electrons detected at that point
during the scan. This signal will be measured using the voltage differential between the filament and
the Wehnelt cap. The second and third signals are those which correspond to the horizontal and
vertical position of the electron beam, which was already discussed. The current of these coils was
measured indirectly using resistors in series. A voltage measurement was taken across a 0.5 € resistor

in series with each coil. This voltage is directly proportional to the current, which is directly
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proportional to the position of the CRT beam. Next the voltages from the two resistors were scaled to
produce positive integers. These two integers were used as indices in a two-dimensional array, and the
scaled intensity voltage was used as the value for each element in the array. Data were collected and
deposited into an empty array at a rate of approximately 3000 Hz such that new elements were written
over the old values. The collection and overwriting process ran for several thousand iterations. This
large number was required to get a sampling that would assign a value to all but five elements in the
array. After the array was filled, the user was prompted to name and save the file in Excel. In the

future this file will be used to construct an image file.

Magnetic
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Figure 20. The electron beam path through a cathode ray tube. Current
across the filament induces thermionic emission. The filament is kept at
high negative voltage, and the bias grid controls the beam current. The
three apertures ate kept at successively lower voltages and act as
clectrostatic convergent lenses. The electromagnetic coils on the sides
of the CRT serve as deflector coils and cause the beam to scan across
the screen in a raster. The screen is coated in a fluorescent material so
the beam scan is visible to the naked eye.
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Chapter 5

CONCLUSIONS AND FUTURE PLANS

The STEM is still in the process of refurbishment. There are several obstacles to overcome in order to
achieve focused beam operation. There are vacuum leaks that must be sealed. The air compressor
requires more ventilation to keep from overheating. As well, the compressed air system has several
small leaks that should be addressed in order to reduce the load on the compressor. The beam is not
focused or aligned correctly. After extensive testing, the condenser lens was found to be unresponsive

to adjustment, which will be attended to.

The Labview program is neatly complete. It takes analog data in from the CRT scan and writes the
intensity and position data into a two-dimensional array in a Microsoft Excel spreadsheet. Next, the
intensity signal must be written into the program so that the elements in the array can take in data
from the microscope. Currently the program writes a constant value for each element. After that, the
scan data should be written to an image file, with a save button to control which images are saved.
Currently the user is prompted to save every image generated. In addition, the resolution for the image

is not quickly adjustable. Creating a flexible resolution option would be useful.

As can be seen, the microscope is in need of some extensive maintenance. It still remains practical to
attend to the maintenance needs. The digital imaging and interface program is nearly finished, and
should complement the microscope once that is running. Houghton College’s JEOL CX-100 could

become a valuable tool in thin film research.
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